



MASAHAPU TAKFMUKA ^ 

KIKUyA PO ^ 

OFFICF SAWA 


Ohmsha 


i/ « 






PPAISE FOP THF MAN&A GUIPE SFPIFS 


“Highly recommended.” 

—CHOICE MAGAZINE ON THE MANGA GUIDE TO DATABASES 

“Stimulus for the next generation of scientists.” 

—SCIENTIFIC COMPUTING ON THE MANGA GUIDE TO MOLECULAR BIOLOGY 

“A great fit of form and subject. Recommended.” 

—OTAKU USA MAGAZINE ON THE MANGA GUIDE TO PHYSICS 

“The art ¡s charming and the humor engaging. A fun and fairly painless lesson on what 
many consider to be a less-than-thrilling subject.” 

—SCHOOL LIBRARY JOURNAL ON THE MANGA GUIDE TO STATISTICS 


“This ¡s really what a good math text should be like. Unlike the majority of books on 
subjects like statistics, it doesn’t just present the material as a dry series of pointless- 
seeming formulas. It presents statistics as something fun, and something enlightening. 
—GOOD MATH, BAD MATH ON THE MANGA GUIDE TO STATISTICS 


“I found the cartoon approach of this book so compelling 
and its story so endearing that I recommend that every 
teacher of ¡ntroductory physics, in both high school and 
college, consider using it.” 

—AMERICAN JOURNAL OF PHYSICS ON THE MANGA GUIDE TO PHYSICS 

“The series is consistently good. A great way to introduce 
kids to the wonder and vastness of the cosmos.” 
—DISCOVERY.COM ON THE MANGA GUIDE TO THE UNIVERSE 

“A single tortured cry will escape the lips of every thirty- 
something biochem major who sees The Manga Guide to 
Molecular Biology : ‘Why, oh why couldn’t this have been 
written when I was in college?’” 

—THE SAN FRANCISCO EXAMINER 

“Scientifically solid . . . entertainingly bizarre.” 

—CHAD ORZEL, AUTHOR OF HOW TO TEACH PHYSICS TO YOUR DOG, 
ON THE MANGA GUIDE TO RELATIVITY 

“A lot of fun to read. The interactions between the char- 
acters are lighthearted, and the whole setting has a sort 
of quirkiness about it that makes you keep reading just for 
the joy of it.” 

—HACK A DAY ON THE MANGA GUIDE TO ELECTRICITY 







“The Manga Guíele to Databases was the most enjoyable tech book l’ve ever read.” 

—RIKKI KITE, LINUX PRO MAGAZINE 

“The Manga Guides definitely have a place on my bookshelf.” 

—SMITHSONIANS “SURPRISING SCIENCE” 

“For parents trying to give their kids an edge or just for kids with a curiosity about their 
electronics, The Manga Guide to Electricity should definitely be on their bookshelves.” 
—SACRAMENTO BOOK REVIEW 

“This is a solid book and I wish there were more like it in the IT world.” 

—SLASHDOT ON THE MANGA GUIDE TO DATABASES 

“The Manga Guide to Electricity makes accessible a very intimidating subject, letting the 
reader have fun while still delivering the goods.” 

—GEEKDAD BLOG, WIRED.COM 

“If you want to introduce a subject that kids wouldn’t normally be very interested in, give it 
an amusing storyline and wrap it in cartoons.” 

—MAKE ON THE MANGA GUIDE TO STATISTICS 

“A clever blend that makes relativity easier to think about—even if you’re no Einstein.” 

—STARDATE, UNIVERSITY OF TEXAS, ON THE MANGA GUIDE TO RELATIVITY 

“This book does exactly what it is supposed to: offer a fun, interesting way to learn calculus 
concepts that would otherwise be extremely bland to memorize.” 

—DAILY TECH ON THE MANGA GUIDE TO CALCULUS 

“The art is fantastic, and the teaching method is both fun and educational.” 

—ACTIVE ANIME ON THE MANGA GUIDE TO PHYSICS 

“An awfully fun, highly educational read.” 

—FRAZZLEDDAD ON THE MANGA GUIDE TO PHYSICS 

“Makes it possible for a 10-year-old to develop a decent working knowledge of a subject 
that sends most college students running for the hills.” 

—SKEPTICBLOG ON THE MANGA GUIDE TO MOLECULAR BIOLOGY 

“This book is by far the best book I have read on the subject. I think this book absolutely 
rocks and recommend it to anyone working with or just interested in databases.” 

—GEEK AT LARGE ON THE MANGA GUIDE TO DATABASES 

“The book purposefully departs from a traditional physics textbook and it does it very well.” 
—DR. MARINA MILNER-BOLOTIN, RYERSON UNIVERSITY ON THE MANGA GUIDE TO PHYSICS 

“Kids would be, I think, much more likely to actually pick this up and find out if they are 
interested in statistics as opposed to a regular textbook.” 

—GEEK BOOK ON THE MANGA GUIDE TO STATISTICS 


THE MANíBA <5UIPE” TO BIOCHEMISTPY 




THE MAN<3A 6V IPE“ TO 


BIO^HEMIETRY 


MASAHAPU TAKEMURA, 
KIKUYARO, ANP 
OFFICE EAWA 




THE MAN(3A GUIPE JO BIOCHEMI^TfcY. Copyright © 2011 by Masaharu Takemura and Office Sawa. 

The Mango Guide to Biochemistry is a translation of the Japanese original, Manga de wakaru seikagaku, published by 
Ohmsha, Ltd. of Tokyo, Japan, © 2009 by Masaharu Takemura and Office Sawa 

This English edition is co-published by No Starch Press, Inc. and Ohmsha, Ltd. 

All rights reserved. No part of this work may be reproduced or transmitted in any form or by any means, electronic 
or mechanical, including photocopying, recording, or by any information storage or retrieval system, without the prior 
written permission of the copyright owner and the publisher. 

15 14 13 12 11 1 2 3 4 5 6 7 8 9 

ISBN-10:1-59327-276-6 
ISBN-13: 978-1-59327-276-0 

Publisher: William Pollock 
Author: Masaharu Takemura 
lllustrator: Kikuyaro 
Producen Office Sawa 
Production Editor: Serena Yang 

Developmental Editors: Keith Fancher and Sondra Silverhawk 
Translator: Arnie Rusoff 

Technical Reviewers: Brandon Budde and Jordán Gallinetti 

Compositor: Riley Hoffman 

Copyeditor: Kristina Potts 

Proofreader: Alison Law 

Indexer: BIM Indexing & Proofreading Services 

For information on book distributors or translations, please contact No Starch Press, Inc. directly: 

No Starch Press, Inc. 

38 Ringold Street, San Francisco, CA 94103 

phone: 415.863.9900; fax: 415.863.9950; info@nostarch.com; http://www.nostarch.com/ 

Library of Congress Cataloging-in-Publication Data 
A catalog record of this book is available from the Library of Congress. 

No Starch Press and the No Starch Press logo are registered trademarks of No Starch Press, Inc. Other product and 
company ñames mentioned herein may be the trademarks of their respective owners. Rather than use a trademark 
symbol with every occurrence of a trademarked ñame, we are using the ñames only in an editorial fashion and to the 
benefit of the trademark owner, with no intention of infringement of the trademark. 

The information in this book is distributed on an “As Is” basis, without warranty. While every precaution has been 
taken in the preparation of this work, neither the authors ñor No Starch Press, Inc. shall have any liability to any 
person or entity with respect to any loss or damage caused or alleged to be caused directly or indirectly by the infor¬ 
mation contained in it. 

All characters in this publication are fictitious, and any resemblance to real persons, living or dead, is purely coincidental. 


COHTBHT5 


PPEFAÚE .xi 

ppouooue.1 

1 

WHAT HAPPENS INSIPE YOUP BOPY? .13 

1. Cell Structure.14 

What Are the Components of a Cell?.16 

2. What Happens Inside a Cell?.18 

Protein Synthesis.19 

Metabolism.20 

Energy Production.22 

Photosynthesis.24 

3. A Cell Is the Location of Many Chemical Reactions.26 

Biochemistry of Protein Synthesis.27 

Biochemistry of Metabolism.29 

Biochemistry of Energy Production.30 

Biochemistry of Photosynthesis.32 

4. Fundamental Biochemistry Knowledge.36 

Carbón.36 

Chemical Bonds.36 

Biopolymers.36 

Enzymes.37 

Oxidation-Reduction.37 

Respiration.37 

Metabolism.38 

2 

PHOTOSYNTHESIS ANP RESPIPATION .39 

1. Ecosystems and Cycles.40 

Ecosystems and the Biogeochemical Cycle.40 

What Is the Biogeochemical Cycle?.43 

Carbón Cycle.45 

2. Let’s Talk Photosynthesis.48 

The Importance of Plants.48 

Chloroplast Structure.49 

Photosynthesis—The Photophosphorylation Reaction.50 

Photosynthesis—Carbón Dioxide Fixation.57 

3. Respiration.60 

What Is a Carbohydrate?.60 

Saccharides and the “-ose” Suffix.63 

Why Do Monosaccharides Take a Cyclic Structure?.63 







































Why Do We Need to Breathe?.64 

Respiration Is a Reaction That Breaks Down Glucose to Create Energy.66 

Stage 1: Glucose Decomposition by Glycolysis.68 

Stage 2: Citric Acid Cycle (aka TCA Cycle).71 

Stage 3: Mass Production of Energy by the Electron Transport Chain.74 

Conclusión.79 

4. ATP—The Common Currency of Energy.82 

5. Types of Monosaccharides.83 

Aldoses and Ketoses.83 

Pyranose and Furanose.83 

D-form and L-form.84 

6. What Is CoA?.85 

3 

BIOCHEMISTKY IN OUR EVEPPAY UVES .87 

1. Lipids and Cholesterol.88 

What Are Lipids?.88 

FattyAcids.95 

Cholesterol Is a Type of Steroid.97 

Cholesterol’s Job.98 

Lipoproteins: Beyond Good and Evil.100 

What is Arteriosclerosis?.103 

Mystery 1: Is Cholesterol Really Bad?.105 

2. Biochemistry of Obesity—Why Is Fat Stored?.106 

Ingested and Expended Energy.106 

Animáis Preserve Fat.108 

Excess Saccharides Become Fat!.111 

When Fat Is Used as an Energy Source.118 

Mystery 2: Why Do You Gain Weight If You Overeat?.123 

3. What Is Blood Type?.124 

BloodType.124 

How Is BloodType Determined?.125 

Mystery 3: What Is Blood Type?.129 

4. Why Does Fruit Get Sweeter as It Ripens?.130 

What Types of SugarAre in Fruit?.130 

Monosaccharides, Oligosaccharides, and Polysaccharides.131 

How Fruits Become Sweet.133 

Mystery 4: Why Does Fruit Become Sweet?.135 

5. Why Are Mochi Rice Cakes Springy?.136 

Differences Between Normal Rice and Mochi Rice.136 

The Difference Between Amylose and Amylopectin.138 

What Do the Numbers Mean in a(l—>4) and a(l—>6)?.140 

Mystery 5: Why Are Mochi Rice Cakes Springy?.145 


VIII TABLE OF CONTENTA 











































4 

ENZYMES ASE THE KEYS TO CHEMICAL PEACTIONS .149 

1. Enzymes and Proteins.150 

The Roles of Proteins.151 

What Is an Enzyme?.153 

Proteins Are Formed from Amino Acids.154 

Primary Structure of a Protein.158 

Secondary Structure of a Protein.159 

Tertiary Structure of a Protein.160 

Quaternary Structure of a Protein and Subunits.161 

2. An Enzyme’s Job.162 

Substrates and Enzymes.162 

Strict Enzyme? Relaxed Enzyme?.164 

Enzyme Classifications.166 

Transferases.168 

Glucosyltransferase Determines BloodType.169 

Hydrolases.172 

3. Using Graphs to Understand Enzymes.174 

Why Are Enzymes Importantfor Chemical Reactions?.175 

What IsActivation Energy?.176 

Enzymes Bring Down the “Wall”.177 

Máximum Reaction Rate.178 

The Michaelis-Menten Equation and the Michaelis Constant.180 

Let’s Calcúlate V max and KJ .182 

Why Do We Take Reciprocáis?.186 

4. Enzymes and Inhibitors.193 

Allosteric Enzymes.196 

5 

MOLECULAS BIOLOOY ANP THE BIOCHEMISTPY OF NUCLEIC ACIPS .199 

1. What Is Nucleic Acid?.202 

NucleicAcid Basics.202 

The Discovery of Nuclein.204 

NucleicAcid and Nucleotides.205 

Base Complementarity and DNA Structure.209 

DNA Replication and the Enzyme DNA Polymerase.212 

RNA Structure.214 

2. NucleicAcid and Genes.218 

DNA Is the Language of Genes.218 

RNA Has Several Jobs.220 

mRNA.222 

rRNA and tRNA.223 

Ribozymes.226 


TABLE OF COHTFHie IX 










































3. Biochemistry and Molecular Biology.228 

The DirtyJob of a Biochemist.228 

Early Biochemistry and Molecular Biology.229 

Development of Recombinant DNATechniques.229 

Returning to Biochemistry.230 

The Origin of the Cell.231 

4. Conducting Biochemistry Experiments.232 

Column Chromatography.232 

Electrophoresis and a Western Blot.233 

Lectin Blotting.234 

Centrifugation.235 

Enzyme Reaction Measurement.236 

EPILOGUE.239 

INPEX .249 


X TA3LE OF ÚONTENTS 
















PR5FA C£ 


This book introduces the world of biochemistry in an approachable comic format. 

Biochemistry is a synthesis of biology and chemistry, which together elucídate the 
processes of life at the most basic level. It is the study of the molecules that constitute our 
bodies and those of other living organisms, and the Chemical reactions that occur within 
cells. In recent years, the field of biochemistry has been growing at an unprecedented rate. 
From the end of the 19th century and into the 20th, scientists have conducted Chemical 
research on phenomena ¡n the fields of medicine, nutritional Science, agriculture, biology, 
and many other subjects, and this research has led to some incredible discoveries. 

When you consider the diversity of the fields listed above, biochemistry may seem like 
a disjointed collection of different Sciences. But even though the objectives differ, the con- 
cepts on which they are based are the same—the Chemical elucidation of life phenomena. 
Therefore, the fundamentáis of biochemistry must be learned by anyone who intends to 
particípate in any field that deais with the human body or life phenomena to any extent, 
such as medicine, dentistry, pharmacology, agriculture, nutritional Science, and nursing. 

This book explains the most important points in biochemistry in an easy-to-understand 
format. It can be used as a reference book or supplementary reader for a biochemistry 
course, or for a course in medical Science or nutritional Science. You can use this book as 
a quick refresher or to gain a better understanding of this fascinating Science. Even a high 
school student would certainly be able to comprehend this material. 

The organization of this book differs somewhat from other existing biochemistry books. 
For example, although the major cellular Chemical components (substances that are present 
in all living things: saccharides, lipids, nucleic acids, and proteins) are usually described first in 
an ordinary biochemistry textbook, discussions of each of these substances are incorporated 
organically, rather than in an independent chapter. I did this because I believe that ¡ntroduc- 
ing these substances in context makes them easier to understand and remember. 

In addition, l’ve included information about biochemistry in our everyday lives in Chap¬ 
ter 3 to highlight the significance of biochemistry by showing how it applies to subjects that 
most people are familiar with. 

The protagonist of this book is a high school girl named Kumi who is very concerned 
with dieting. I chose this story because it relates to my own educational background as 
a member of a nutritional Science división in an agricultural Sciences department. These 
days, when people talk about biochemistry, the discussion often centers around nutrition and 
health. Many people are concerned with the phenomena that make up metabolic syndrome, 
a general ñame for the risk factors of an increasingly-common collection of disorders: type 2 
diabetes, coronary artery disease, and stroke. 


When I was writing this book, I had the entire text checked at both the manuscript and 
scenario stages by Professor Yukio Furuichi (emeritus professor at Mié University and cur- 
rently a professor at Nagoya Women’s University), whose specialty is lipid biochemistry, and 
Professor Shonen Yoshida (emeritus professor at Nagoya University and currently a consul- 
tant at the Cáncer Immunotherapy Center of Nagoya Kyoritsu Hospital), whose specialties 
are biochemistry and molecular biology. Professor Furuichi provided guidance for my gradú¬ 
ate thesis, and Professor Yoshida provided guidance for my PhD thesis. I would like to take 
this opportunity to express my deep gratitude to both of them for taking time from their 
busy schedules to proofread this manuscript. 

I would also like to take this opportunity to thank Professor Kazuo Kamemura, my men¬ 
tor during my gradúate student days, and his gradúate student, Mitsutaka Ogawa, both of 
Nagahama Institute of Bio-5cience and Technology. Specifically, I would like to thank them 
for the lectin blotting data that they provided. I would also like to thank everyone at the 
Ohmsha Development Bureau for their ongoing help on my previous work, The Manga Guide 
to Molecular Biology: Sawako Sawada of Office Sawa; the manga artist Kikuyaro, who cre- 
ated the delightful scenario and drawings; and, above all, you for choosing to read this book. 

MASAHAKU TAKEMUKA 
JANUAPY ZOOQ 
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ÚALORIFS, FAT, ANP 
CARBOHyPKATFS... 


YOU KNOW 
WHAT TH05E 
ASE, RIOHT? 



A 


OF ÚOUKSE X PO/ 
X'M ON A PIET, 
AFTEI? ALL 
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6 PROLOGUE 
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EXACTLY/ 
TO 5 UM IT UP: 


BIOCHEMI 5 TRY 15 
THE 5 TUPY O F WHAT '5 

occuizme ineipe 

OUR BOPIE 5 CANP THE 
EOPIE 5 OF OTHER UVIN< 3 . 
OPCEANI 5 M 5 )... 


I 


...WITH A 5 PECIAL 
FOCU 5 OH THI 5 
"CHEMICAL POINT 
OF VIEW/' 


¡n 


’JI 


I'M ACTUALLY PERFORMINO 
RESEARCH ON THE BOPY'S 
CHEMICAL- PROCE5EE5 
AT MY SCHOOL. 


IF 

JOIN 


YOU WANT TO, YOU CAN 
ME AT THE LABORATORY 
POR AN EXPERIMENT. 


ÜM.. 3 Y 
THE WAY.. 


w IF I PARTICIPATE^ 
JN AN EXPERIMENTA 
-I CAN MEET THAT- 
- PROFE 5 EOR/ 


THE N£XT PAY- 


5 URE/ 

ru po it/ 


ANP Í'UL UOOK UIKE 
.A SUPEIZMOPei, IN 
^>NO TIME.' 




jLU 


-r^i 


-r^jííJTn J/ i 


* K.REE5 ÜNIVER5ITY 






































































































































































































































































































*KURO©AKA LAB© 























































































































































































































































































































































































































IFI 5TUPY 
BIOCHBMIBTRy. 
W/U IBBCOMB 
AB BBAUTIFUL 
AB YOU?! 




mui iminiiiin 


WELl, BIOCHEMIETRY 
ANP YOUR PHYSICAL 
APPEAPANCE APEN'T 
PIPECTLY PELATEP... 


BUT BIOCHEMISTPY 
¿EPTAINIY PEEPENS 
OUP UNPEPSTANPIN<2> 
OF THE WAY IN WHICH 
OUP BOPIES INTEPAÚT 
WITH FOOP. 




























































































































































WE CAN ETUPY THE WAY OUR 
BOPIEE CHEMICALLY BREAK 
POWN WHAT WE EAT ANP 
HOW IT'E TRANEFORMEP INTO 
NUTRIENTE THAT THE BOPY 
UEEE JO REPLENIEH ITEELF. 


Q £) 


IF Y OI) TRULY 
UNPERETANP 
HOW YOUR BOPY 
WORKE... 


YOU WILL BE 
HEALTHY ANP 
BEAUTIFULÍ 


THIE KNOWLEPOE CAN 
ALEO HELP UE CURE 
PIEEAEEE... 

ANP PROMOTE OOOP 
OENERAL HEALTH. 


zsm 

:i Wi 


cooooou 


l —i 


IF I ETUPY 
BIOCHEMIETRY. 


I MIOHT BECOME 
BEAUTIFUL LIKE THE 
PROFEEEOR/ 


ANP I CAN UNLOCK 
THE EECRETE OF 
HEALTH// 
















































































































































































































































































































1. Cell Structure 




















































































































































































































































































































/y OU LEARNEP 
( ABOUT CELLE 

\ in biolooy 
\CLAEE, PK3HT?/ 

D 


yep/ 


CELLE ARE UIICE TINY 
POUCHEE THAT MAKE 
UP OUR BOPIEE/ 


THATE RI6HT.' 


AMOEBAE, BACTERIA, ANP 
OTHER TINY OR6ANIEME 
ARE "UNICELLULAR 
MICROOR6ANIEME," WHICH 
MEANE THEY'RE MAPE UP OF 
A EIN6LE CELL. 


BACTERIA 


AMOEBA 


LIVIN6 CREATUREE THAT 
ARE VIEIBLE TO THE 
NAKEP EYE-LIKE HUMANE, 
POCE, OR PLANTE¬ 
ARE "MULTICELLULAR 
OR6ANIEME," ANP THEY'RE 
MAPE UP OF MANY CELLE/ 


POR EXAMPLE, A EINOLE 
APULT BOPY CONEIETE OF 
AN UNBELIEVABLY LAROE 
NUMBER OP CELLE... 

BETWEEN 60 ANP 
100 TRILLION. 

THE CELL IE THE EMALLEET UNIT 
INEIPE OUR BOPIEE THAT CAN BE 
CLAEEIFIEP AE "LIVIN6." 


I BET EVEN THE 
PROFEEEOR'E CELLE 
ARE BEAUTIFUL.' 


TEE 

HEE 


HEY, THE IMAOE 
FINIEHEP 
POWNLOAPINOÍ 


TAP 


TAP 




#> 


© 


o 


© 


# 


© 


© 


KUMI'E CELLE 


© 


EEEEEEK/// 

THAT'E 

TOTALLY 

OROEE... 


© 


PRETTY 
ENAZZY, EH? 


LET'E TRY 


ZOOMIN6 

EIN6LE 


IN ON A 
CELL. 


TAP 












































































































WHAT APE THE COMPONENTE OF A CEU,? 


THE CYTOEOL CONTAINE 
MANY PROTEINE, 
EACCHARIPEE, ANP OTHER 
CEUIULAR COMPONENTE. 
IT'E THE LOCATION OF MANY 
CELIULAR PROCEEEEE 
HICE EIONALINO, PROTEIN 
TRAFFICKINO, ANP 
CEU PIVIEION. 


CELIE ARE FILLEP WITH A THICK 
UQUIP CALIEP CYTOEOL. 
EUEUNITE CAULEP OPOANELLEE 
FLOAT IN THE CYTOEOL 


NUCLFUE 



THE LAROEET OROANELIE, 
LOCATEP IN THE MIPPUE OF 
THE CELL IE THE NUCLEUE. 


ENPOPLAEMIC RFTICULUM 
ANP RIBOEOMF 



CYTOPLAEM IE A OENERAL TERM UEEP TO REFER 
TO ALL THE LIQUIP INEIPE THE CEU MEMBPANE, 
INCLUPINO WITHIN OROANELIEE. THE CELL 
MEMBRANE IE A TYPE OF UPIP BILAYEP. 




FATTY 

ACIP 


PHOSPHOUPIP 


HYPPOPHIUC 
CATTPACTEP 
TO WATEPO 

HYPPOPHOEIC 

cpepeuep &v 

WATEP) 


PHOZPHOUPIP5 FOPM A EILAYEP 
WITH THEIP WATEP-PEPELIEP TAILS 
POINTINO INWAPP ANP THEIP WATEP- 
ATTPACTEP HEAPE POINTINO OUTWAPP. 

































THE NUCLEU5 CONTAI N5 
PEOXYRIBONUCLEIC ACIP, 
OR ¿W/J, WHICH ENCOPE5 
OENE5 ANP 15 50METIME5 
REFERREP TO A5 THE 
"BUUEPRINT" FOR UFE. 

THE NUCUEU5 15 REFERREP 
TO A5 THE "CONTROL- 
CENTER" OF THE CEU. 


ENPOPLA5MIC RETICULUM 
ANP RIB050ME 



PROTEIN 5YNTHE5I5 





CHLOROPLA5T5 APE \ 

FOUNP ONLY IN PLANT5 
ANP 50ME MICROBE5. J 




eaziBBLB 

BCRIBBLE 



























































2. What Happens Inside a Cell? 



I WONPER WHAT 
MY (SELL5 ARE UP 
TO PI<3HT NOW. 



KNOCK 


HMMMM... 
SETTER TO 
NOT THINK 
ABOUT IT... 


KNOCK 


WHAT HAPPBN* IN5IPB A CEU,! 


THERE ARE OTHER PETAIU5 
WE'Ll LEARN ABOUT LATBP, 
3UT FOR NOW W E'U JUST 
TALK ABOUT JHEEE FOÜR 
MAIN PROCEEEEE. 


PROTBIN EYHThEElE 
MBTABOUISM 

( 3 ) ZWBR&1 PPOPUCTION 

© PHOTO^YNTHB^I^ COCCÜRE IN PLANTÉ 
AieAE, ANP eOMB BA0TBPIA5 


















































































































































































PROTEIN EYNTHESIE 





WHEN YOU HEARN. 





( "PROTEIN," YOU \ 

^ . W1 



PROBABLY THINK OF 
THE NUTRIENTE FOUNP 
IN FOOPE, BUT... 



WOW, ARE 
PROTEINE REALLY' 
THAT PELICIOUE, 
ER, I MEAN, 
IMPORTANT?, 



FOR LIVINO CREATUREE 
LIKE UE, PROTEINE ARE 
VITAL EUBETANÚEE THAT 
ARE LAROELY REEPONEIBLE 
FOR KEEPINO OUR BOPIEE 
FUNCTIONINO. 


ABEOLUTELY/ 

OUR BOPIEE ARE 
MAINTAINEP BY 
PIFFERENT PROTEINE 
CARRYINO OUT 
THEIR PUTIEE. 


■ MAINTFNANÚE OF 
CELLULAR ETRUCTURE 

- PIOESTION 

■ MUECLE ÚREATION 

■ PROTEÚTION FROM VIRAL, 
FUNOAL, ANP PARAEITIÚ 
INFECTIONE 


X. 


REMEMBER WHEN 
ROBOOAT LOOKEP AT THE 
PNA INEIPE THE NUOLEUE? 





GENE CPROTEIN 
BLUEPRINT) 



AMINO ACIP 


NUCLEUE 




PROTEIN 


V 


PROTEINE ARE 
OONTINUOUELY 
MANUFAOTUREP 
BY EVERY OELL IN 
OUR BOPY. 



A PROTEIN'E BLUEPRINT, OR 
&ENE, IE ENOOPEP IN THE 
PNA INEIPE THE NUOLEUE. 


PROTEINE ARE CREATEP BY RIB050MB5, 
FOUNP IN THE CYTOPLAEM, BAEEP 
ON THIE BLUEPRINT. 




THE RIBOEOMEE ARE 
LlfcE OHEFE FOLLOWINO A 
REÚIPE TO MAKE A MEAL/ 















































































































































































8REAXINO POWN 
FOOP INTO NUTRIENTE 
AB50RBIN0 THE5E 
NUTRIENTE ANP CHANOINO 
THEM INTO 5UB5TANCE5 
yoüR Bopy can U5E 
TO REPLENI5H IT5EUF... 
THE5E ARE All JOB5 POR 
5PECIAUIZEP PROTEIN5' 


POR EXAMPIE, 5INCE 
AUCOHOU 15 HIOHUy TOXIC 
TO THE BOPX IT'5 BROXEN 
POWN By UIVER CEU15 ANP 
CHANOEP INTO A NONTOXIC 
5UB5TANCE. 

THI5 15 AU50 THE JOB OF A 
5PECIAUIZEP PROTEIN/ 


THE MEPICINE yOU TAXE 
WHEN yOU'RE 5ICX NEEP5 TO 
BE BROXEN POWN A5 WEUl. 
PROTEIN5 IN THE UIVER HEUP 
youR Bopy 5iMPUipy that 
MEPICINE INTO 5UB5TANCE5 
THAT PROPUCE THE PE5IREP 
HEAUINO EFFECT IN THE 
RIOHT UOCATION. 





































































































































CPROTEIN5, FAT5, ÚARBOHYPRATF5, VITAMINA, MINFRAL5, ANP 50 ON) 
JUTRIFNT —> | METABOLI6M | 

¿REATES ENER<2>Y 


BEÚOMES MATERIALS 
i USABLE BY THE BOPY 


ALCOHOL 


1MFTA30LI5MI 


PFTOXIFIFP 


THIN&5 YOU 3AT OP 
PPINK ARE (33N3PALIY 
M3TA30UZ3P UK3 THI5. 




ALCOHOL PA55F5 
THPOUOH THF 
3LOOP ANP INTO 
THF LIVFP. 



^V\FTA30LI5M 

' THFLIVFP 
MFTA30LIZF5 
THF ALCOHOL. 




(perox^ 

CAPEON PIOXIPF 
WATFR 


PROFESO* 
CAN HOLP 
LIOUOP... 




M3TA30LI5M 15 
P3PFOPM3P 3Y PPOT3IN5. 

IN TH5 C5LL M3M3PAN3, TH3 
CYTOPLA5M, TH3 NUCL3U5, ANP 3V3PY 
OTH3P OPOAN3LL5, TH3 POL35 AP5 
PIVIP3P AMONO MANY PPOT3IN5 50 
THAT M3TA30LI5M 15 CON5TANTLY 
P3PFOPM3P. 


WOW/ PPOT3IN5 AP3 
PILI03NTLY WOPKINO 
AWAY IN5IP3 MY 30PY 
5V3N WH3N I'M 3ATINO 
niNWPiz rnz «LCFPiNi/sj 


000 

MFTA3QLI5M 


i 

MFTA30LI5M 

■■El 




J 

M3TA3C>LI5M 

@©@ 

METABQUSM 1 





JEFZ, MY C5LL5 
WORK HARPFR 
THAN I PO... 
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ATP l£ ££££NT!AU 
FOP MANY ACTIVITI££! 


SYNTHESIZINO PROTEINS 

poweme Chemical reactions 

PEPFOPMINO PHOTOEYNTHEEIE 



A5 yOU CAN BBB, ATP 15 
P55PNTIAL TO CBll£ ANP 
MPTABOU5M, JU5T UKB 
MONEY 15 P55PNTIAL TO U5/ 


yOU CAN'T PO ANYTHIN& 
IF YOU PONT HAVE 
MONEY TO SPENP.JT'S 
EO PEPKE5EINO. 



5NIFF 


TO MAINTAIN E55ENTIAL 
ÚEULULAP ANP METABOUC 
PPOCE55E5, CBBIB MU5T 
PROPUCB A CON5TANT 5UPPUy 
OP ATP TO PO THI5, THP/ 
PPQUIPP 5UOAP CONTPNT 
CTHAT 15, 5ACCHAPIPE5*) 
ANP OXyOPN. 




ATP 15 CIZBATBP 
By MITOCHONPPIA 
ANP PPOTPIN5 
FOUNP IN THB 
0/T050L 



* THeSE SACCHARIPES ARE ALEO KNOWN AS CARBOHyPRATES. 


PPMEMaeP: ATP 
15 THP "COMMON 
OJPPPNO/" OP 
ENPPOy THAT'5 U5EP 
&y PPOTEIN5 TO 
KPFP L)5 AUVP. 
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3. A Cell Is the Locatíon of Many Chemical Reactíons 




I'VE UEARNEP ABOUT 
THE MBTABOUC PROCB55E5 
THAT OCCUZ IN CcUJy, BUT I 
HAVEN'T LEARNEP ANYTHINO 
ABOUT BIOCHEMISTRY ITSELFÍ 




PON'T 
BEUEVE ME? 
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(T) PPOTEIN 5YNTHESIE 
© METABOUEM 

ENBROY PROPUOTION 
PHOTOSYNTHE5IE 


I'LL PROVE IT TO YOU/ 











































































































































































WHAT P O yOU THINK 
HAPPEN5 WHEN PPOTEIN5 
APE 5YNTHE5IZEP? 


AMINO ACIPE 

OAD 



THERE ARE ZO 
COMMON TYPE5 OF 
AMINO ACIPE U5EP TO 
CREATE PROTEIN5. 



■ V 

o í> 

k Q? 

AMINO 

ACIP5 


U 




ARE JOINEP- 
TOOETHER 


A PROTEIN 15 ACTUAU-Y FORMEP BY 
MANY 5MALL MOLEOILE5 CAUEP 
AMINO ACIP5 JOININO TOOETHER. 


PROTEINE 

—A. 


-A-sp-o-O-W- ■ 

■O-A-A-O-bi-' 
-O-kHIKTO- 


MU5CLE CONTRACTION' 
CACTIN ANP MYOEIN) 
ENZYME5 
ANTIBOPIE5 
HAIR CKERATIN) 

EKIN CCOLIAOEN) 


THE5E ZO TYPE5 OAN BE COMBINEP IN 
PIFFEPENT NUMBEP5 ANP OPPEP5 TO 
OREATE VAPIOU5 TYPE5 OF PPOTEIN5. 












































































oh, x eee; iré 

WHEPE THE 
CANPIEE AI?E 
ETPUNLE INTO A 
NEOfCLACE. 


■Oo^o- 

ACTUALIY, A RIBOSOME LOOKS 
MORE LINE A SNOWMAN 
5TANPINO ON ITS HEAP. 


JOINEPÍ 


^ATTEKP 6 „ yp* 

^a,.A : 

HiN"^P"COoH 

X I ' 

ONE AMINO ACIP 


REMEMBER, K.UMI, 
BIOCHEMIETRY 16 
THE 6TUPY OF THE 
CHEMICAL PROCE66E6 
THAT TAÑE PLACE 
IN6IPE THE BOPIE6 
OF LIVINO 
OROANI6M6... 


0 

II 


CHEMICAL 

REACTION 


I 

H 


-COOH 


H 


THAT'6 RIOHT.' THAT REACTION 
6TICK6 TWO PIFFERENT AMINO ACIP6 
TOOETHER. THEN APDITIONAL REACTION6 
PILE ON EVEN MORE AMINO ACIP6, ANP 
PRETTY 600N YOU'VE OOT YOUR6ELF 
A PROTEIN/ 

























































































































POR EXAMPLE, &LUCONEO&ENE5&, 
WHICH 15 PERFORMEP BY LIVER OR 
KIPNEY CELL5, 15 A CHEMICAL- REACTION 
THAT CHANOE5 PYRUVIC ACIP INTO A 
5ACCHARIPE CALIEP &LUCOEE. 


ANP UPO&ENE5I5 15 
A CHEMICAL- REACTION THAT 
CHANOE5 5ACCHARIPE5 
INTO FAT WHEN TOO MANY 
5ACCHARIPE5 ARE AB50RBEP 
INTO YOUR BOPY. 


FAT 

CNEUTRAL FAT) 
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PYRUVIÚ ACIP 





































































































































































































































































































OOH! 



W£U, IT MAY 5BBM BA5Y 
AT FIR5T, BUT THB PKOC555 
15 ACTUALIY A UTTUB MOPE 
COMPLICATE? THAN THAT. 
































































































































FINALLY, LET'E LOOK 
AT PHOTOEYNTHEEIE 

m plante. 




V- 


A COMPLBX CHEMICAL- 
REACTION OCCURE 
WHEN LIOHT ETRIKEE 
CHLOROPLA5T5 IN A 
PLANTE CELLE. 


CARBON PIOXIPE IE UEEP AE A 
RAW MATERIAL BY THAT CHEMICAL 
REACTION TO CREATE EACCHARIPEE 
EUCH AE OLUCOEE... 


m 


LKEHT 


rea¿tion |Sg álJJí< »W/«l KUMI, WHAT HAV& 

muMm - you noticep about 

ALL OF THEEE CELLULAR 
PROCEEEEE? PO THEY 

CHLOROPLAET V HAVE ANYTHINO IN 

\ COMMON? 


HUH? UM...WELL.. 






.0^ 




,OL'^ 


¡N 


? r0^ 6 ^ 


THEY'RE ALL 
CHEMICAL 
REACTIONE? 




HaaF^ 


you OOT IT/ 




KUMI <3£TE A 
OOLP ETAR/ 


J, 


v>xv % 
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wow. 




THAT'E KINP 
OF EúAPy. 


NOT ONLY THAT, BUT 
THEY ARF HAPPENINO 
UNBEUEVABU/ FAET-IN 
THE BUNfc OF AN EyEi 



TIOHT REOULATION oí=M 
THEEE PPOCEEEEE 
ENEUPEE THAT 
EVEPYTHINO OCOJPE 
IN THE PPOPEP OPPEP, 
WHIúH IE EEEENTIAL 
TO CBll UFE. 








































































































































































































































































































































































































































































































4. Fundamental Bíochemistry Knowledge 


ln this section, we’ll explain some technical terms that you need to know to study 
biochemistry. 

CARBON 

First we’ll examine an extremely ¡mportant Chemical element in biochemistry— carbón. 

Carbón is the element identified by Chemical symbol C and possessing the atomic 
number 6 and an atomic weight of 12.0107. It’s the primary component of all known lite, 
which is why people sometimes refer to Earth’s organisms as “carbon-based lite.” Carbón is 
the backbone of all organic compounds, and the bodies of living organisms are made almost 
entirely out of these compounds. Carbón is ideal as a backbone for complex organic mol- 
ecules such as biopolymers, because it forms four stable bonds, which is an unusually high 
number for an element. Proteins, lipids, saccharides, nucleic acids, and vitamins are all built 
with carbón as a framework. 

Although carbón is common on Earth—in the biosphere, lithosphere, atmosphere, and 
hydrosphere—there is a finite amount of it, so it’s recycled and reused. Over time, a carbón 
atom passes through air, soil, rocks, and living creatures via biogeochemical cycles. The car¬ 
bón in your body today may have once been inside a dinosaur! 

¿HEMIÚAL BONPS 

When carbón combines with other elements, such as oxygen, hydrogen, or nitrogen, dif- 
ferent Chemical compounds are produced. Except for certain gases, like helium and argón, 
almost all Chemical substances are composed of molecules, two or more atoms attached via 
a Chemical bond. For example, a water molecule (H 2 0) is created when two hydrogen atoms 
(H) and one oxygen atom (0) join together. 

There are several different types of Chemical bonds. Some examples inelude: covalent 
bonds, in which electrons are shared between a pair of atoms, ionic bonds, in which oppo- 
sitely-charged atoms are attracted to one another, and metollic bonds, in which a pool of 
electrons swirl around numerous metal atoms. 

The four stable bonds that carbón forms are all covalent bonds. 

BIOPOU/MERS 

Biopolymers are extremely important molecules to the study of biochemistry. 

Biopolymer is a generic term for large, modular organic molecules. Modular means 
“assembled from repeating units,” like the beads of a necklace. Proteins, lipids, nucleic acid, 
and polysaccharides are all biopolymers. Because they tend to be especially large molecules, 
biopolymers can form complex structures, which makes them very useful in advanced Sys¬ 
tems such as cells. 

Biopolymers can form these complex chains because they’re more than simple beads. 
Let’s consider proteins, for example. Imagine a protein as a necklace made from a variety of 
different LEGO blocks that can all connect to one another. Since you can twist the necklace 
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easily, ¡t doesn’t matter whether the blocks are cióse together or far apart, but the individual 
properties of each block result in some connecting better than others. If this necklace was a 
mile long, imagine the many strange and complex forms you could build. This isn’t precisely 
how proteins function, but you get the idea. 

ENZYMeS 

Since biochemistry explains lite from a Chemical point of view, it is vital to understand how 
Chemical reactions work, and enzymes are essential to these reactions. Enzymes are pro¬ 
teins that act as catalysts—that is, they increase the rate of Chemical reactions. An enzyme 
catalyzes nearly every Chemical reaction that occurs in an organism. 

In a Chemical reaction catalyzed by an enzyme, the substance that the enzyme acts 
upon is called the substrate. The new substance that’s formed during the reaction is called 
the product. The activity of an enzyme is affected by the environment inside the organism 
(temperature, pH, and other factors), the availability of the substrate, and, in some cases, 
the concentration of the product. 

Although almost all enzymes are proteins, it has recently been discovered that a spe- 
cial type of ribonucleic acid (RNA) can act as a catalyst in certain Chemical reactions. This is 
called an RNA enzyme, or a ribozyme. 

OXIPATION-PEPUúTION 

Enzymes are broadly classified into six types, which will be introduced in detail in Chapter 4. 
Oxidation-reduction is one of the most important enzyme reactions, in which electrons are 
exchanged between two substances. If electrons are lost, the substance is oxidized, and if 
electrons are gained, the substance is reduced. Normally, when one substance is oxidized, 
another substance is reduced, so oxidation and reduction are said to occur simultaneously. 

The movement of hydrogen ions (H + , aka protons) often accompanies the exchange of 
electrons in an organism, and NADPH, NADH, and similar compounds (which we’ll discuss in 
Chapter 2) work as reducing agents on other substances. 

RESPIPATION 

In Chapter 2, we will examine respirador). In the broadest sense, respiration is the process 
of obtaining energy by breaking down large compounds, but this only gives us a vague 
sense of the meaning. 

More specifically, when respiration occurs, an organic substance (for example, the car- 
bohydrates that make up spaghetti) is broken down into simple, inorganic components, like 
carbón dioxide (C0 2 ) and water (H 2 0). Energy is produced when electrons are transferred 
between molecules (oxidation-reduction), along a sort of factory line, until they reach oxy- 
gen (0 2 ). This process is known as internal respiration or cellular respiration. 

The oxygen we mentioned above is very important in respiration. It comes from the air 
that we breathe, and carbón dioxide is produced as a waste product of cellular respiration. 
When we use our lungs to inhale oxygen and exhale carbón dioxide, it’s known as external 
respiration. 
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METABOUI5M 

The processes that alter an organism s Chemical substances are called metabolism. Broadly 
speaking, metabolism can be divided into substance metabolism and energy metabolism. 
However, since these two types occur together during metabolism, the distinction isn’t very 
clear. In this book, when we refer to metabolism, you may assume that we mean substance 
metabolism. 

Substance metabolism This refers to the changes to substances that occur in 
an organism, including the Chemical reactions that are catalyzed by enzymes. More 
specifically, a reaction that breaks down a complex substance into simpler substances 
is called catobolism, and, conversely, a reaction that synthesizes a more complex 
substance is called anabolism. 

Energy metabolism This refers to the energy that’s gained or lost through anabolic 
and catabolic processes within an organism, including reactions in which the energy 
created via respiration or photosynthesis is stored as ATP and other high-energy 
intermediates. 
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1. Ecosystems and Cydes 






































































































































OF COUREE THAT'E H BfZ 
PROBLEM/ LET'E EXPLAIN TO 
K.UMI WHAT MAKBE IIP THE 
EARTH'E ENVIRONMENT. 


CLOEELY RELATEP TO OUR 
ENVIRONMENT IE THE IPEA OF 
AN BCO$y$T5M. 

THIE TERM COLLECTIVELY REFERE TO ALL 
THE PLANTE, ANIMALE, ANP OROANIEME 
THAT INHABIT A PARTICULAR AREA, ALONO 
WITH THE NONLIVINO ELEMENTE OF THE 
EURROUNPINO ENVIRONMENT.. 
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...H BfZB WE NEEP TO 
CONEIPEP HOW AN 
ECOEYETEM COMEE 
AEOUT CHEMICALIY. 


IMp APP 

TAHCIN<2> ABOUT 
BIOÚHEMISTRY, 
AFTBR ALLÍ 
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1 WHAT 15 THE &IO<3£OúH£MlúAL ÚYÚUE? 



The elements of the global ecosystem, ¡ncluding the food chain, respiration, and 
photosynthesis, are all part of a worldwide cycle known as the biogeochemical 
cycle. 




When one organism, like a bear, eats another organism, such as a fish, the 
material that made up the fish becomes part of the bear. 

A very ¡mportant substance in this transfer is carbón (C). 



Look at the diagram above. If Kumi eats a potato, the carbón from that potato 
enters her body. 



And when I breathe, the carbón that was inside my body becomes carbón 
dioxide (C0 2 ) and is expelled from my body. 



That’s right! Then the carbón that left your body is captured by plants through 
photosynthesis and is transformed into the carbón that makes up starch (which 
is a type of saccharide). 



Then that potato is eaten by Kumi (or a cow or some other hungry creature), 
and the carbón is returned once more to the body of an animal. 


FHOToevmHeeie anp respiration as 
























Since Kumi eats beef, the carbón can also move from the cow to Kumi. 


Mmm.J love a tasty cheeseburger! 

So carbón really moves around a lot, doesn’t it? Is this movement the 
biogeochemical cycle? 


Yep! The entire Earth is carrying out this cycle on a gigantic scale. 



Wow! So the rice, potatoes, and apples that I eat were originally related to 
carbón dixiode that somebody else exhaled. 


And it’s not just carbón. Hydrogen (H), oxygen (0), nitrogen (N), and sulfur (S) 

JJ cycle around the Earth as well, going from organism to organism, getting emit- 

SlW ted into the atmosphere, dissolved into the ocean, or buried deep underground. 

f When this cycle works smoothly, the ecosystem and the global 

environment are healthy. 
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% CARBON CYCLB 






Next l’ll explain the carbón cycle ¡n a little more detail. 


Umm, carbón...? I know we’ve talked a little about it, but I still don't understand 
what it is. 


No problem! Nemoto, can you review some basic facts about carbón for Kumi? 


Sure. Carbón is one of the most ¡mportant Chemical elements to living 
creatures like us. 

Carbón is at the center of amino acids, which are the building blocks of 
proteins. It’s also the element that creates the framework of saccharides and 
lipids, and it’s a vital part of DNA. 


H iré HESE. 

i 

C )—COOH 


H 2 N 



- ir e Meo 

OFTEN HEPE. 



AMINO PiCW 


eivcoee 



H 

JL y OÜ'li EVEN FINP 


Wt\i 


SOME HEPE. 


(CJ H COOH 
H 


FATTy ACIP 


You see? C is essential to all of them. 
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You’re right. It looks like we’d be ¡n real trouble without any C. It really ¡s 
important! 



When carbón leaves an organism’s body, ¡t can bond with two oxygen atoms 
to become carbón dioxide (C0 2 ) or bond with four hydrogen atoms to become 
methane (CH 4 ). 




Also, it can accumulate deep underground and, over long periods of time, it will 
become crude oil, coal, and, in some cases, even diamonds. 




Oil! Diamonds! Wow, carbón is really valuable stuff! 


That’s true, but remember: It’s not all about excitement and riches. The 
way carbón circulates is extremely important. Disrupting this balance could 
make carbón dioxide concentration on Earth steadily increase... 



Which would be a serious problem, wouldn’t it? 



Oh man, that sounds like it would be a total bummer... 



Well, think of it this way: If you can understand the Earth as a single circulating 
system and your own body as a system as well, then you’ll realize the impor- 
tance of a healthy balance and the dangers of disrupting that balance. This 
knowledge can lead to insights into the pursuit of health and beauty! 
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The pursuit of health and beauty? Now you’ve got my attention! 



(Wow, Professor Kurosaka ¡s really good at motivating KumL.) 



Look at ® on the left. This ¡s the flow of carbón ¡n which plants pulí carbón 
dioxíde from the atmosphere duríng photosynthesis and use it as a raw 
material for creating saccharides. 

Now look at © on the right. This is the flow of carbón ¡n which those 
saccharides are used by a living creature, and through this process, they 
become carbón dioxide once more and are returned to the atmosphere 
via respiration. 

Let’s talk more about these two flows. Now that we’re finished with lunch, 
we can really sink our teeth into the subject! 



Super cool! 
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2. Let's Talk Photosynthesís 


0 THE IMPORTANTE OF PLANTE 

At the base of the ecosystem, plants, algae, and some bacteria supply food to all living crea- 
tures. The majority of them use a process called photosynthesís, in which saccharides and 
oxygen (0 2 ) are created from carbón dioxide by splitting atoms of water, using energy from 
the Sun. Saccharides are also known as carbohydrates and are vital to living creatures like us. 



That’s why plants are called producers. In contrast, we animáis are called consuméis. 
Photosynthesís is important not just because ¡t creates saccharides. It also maintains a 
steady, balanced concentration of carbón dioxide ¡n the atmosphere, and it produces oxygen, 
which living animáis require to survive. 



As you can imagine, deforestation by humans greatly reduces the number of 
“producers,” upsetting the delicate balance of the biogeochemical cycle and potentially 
threatening “consumers” (like us!). 

Now, let’s take a closer look at the way in which plants use sunlight to create 
saccharides. 
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0 ¿HLOPOPLAST ^TIZUCTUfze 


This ¡mage (courtesy of RoboCat) shows green sacks, called chloroplasts, within a plant cell. 

Inside a chloroplast, structures shaped like very thin pouches are stacked in múltiple 
layers to form peculiar structures. Each of these fíat pouches is called a thylakoid, and a 
stack of múltiple thylakoids is called a granum. 



¿HUOPOPUAST 




OUTBR MBM&RANB 
flJPip BIUAYEP) 


INN5P MBMBRANB 
CUPIP B\LAVB& 


¿5PANUM 


¿HLOPOPLAST 5TZUCTUZE 


The thylakoid membrane is a bilayer composed primarily of phospholipids, just like in 
cell membranes. 

Now let’s look at the surface of the thylakoid membrane. 



THYLAKOIP STPUCTUPÉ 


Do you see the groups of tiny grains that appear to be embedded in the surface of the 
thylakoid? Each of these is a collection of molecules called chlorophyll, as well as various 
proteins that aid in photosynthesis. 

Chlorophyll molecules absorb sunlight. However, they don’t absorb the entire spectrum; 
they reflect the green portion of sunlight back outside, which is why plants appear green to us. 


FHOToevHTHee\e anp respipation aq 



























BUT PO YOU KNOW HOW 
PLANTS PPOPUúF OXY6FN ANP 
SACÚHAPIPFS FPOM SUNU<3HT? PO 
YOU KNOW HOW THF PPOÚFS5 OF 
. PHOTOSYNTHFSIS WOPKS? 













































































































FIRST, WE'LL LFARN 
ABOUT PHOTO- 
PHOSPHORYUATION. 


IFT'S INVESTIGATE 
WHERE PHOTO- 
PHOSPHORYUATION IS 
, PERFORMEP INSIPE 
i A CHLOROPLAST. 


THIS IS AN IMAGE 
LOOfcING POWN AT A 
THYUAKOIP INSIPE A 
¿HLOROPLAST. 



SEE THE 
COULEOTIONS 
OF BUMPS? 



EACH OF THESE IS 
AN A<E<3RE<5ATION OF 
MOLEOJLES CALIEP 
CHLOROPHYLl ANP 
VARIOUS PROTEINS. 


POZENS OF CHLOROPHYU 
MOLEOJLES ARE CONTAINEP 
IN EACH GROUP, ANP EACH OF 
THESE MOLECUEES ABSORBS 
SUNUGHT UIKE A UTTLE 
SATEUITE PISH. 
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KIOW IBl'e ZOOM IN 
ON THE THYLAKOIP 
MEMBRANE. 






CHLOPOPHYU 
ANP PPOTFIN 
COMPLFX 







PH0T05Y5TFM II 




^¿>Ó 



CYTOCHPOMF 3 6 -F 
COMPUFX 


PH0T05Y5TFM I 


THYLAKOIP 

3ILAYFP 

MFM3PANF 


ATP 5YNTHA5F 


THI5 OHLOPOPHYLL 
ANP PPOT5IN ÚOMPL5X 
APP5AP5 A5 IF IT'S 
5M35PP5P IN TH5 MIPPL5 
OF TH5 THYLAKOIP 
M5M3PAN5. 


TH05F APF THF PAPT OF 
THF ELECTRON TRANEPORT 
CHAIN. FACH OF TH05F 
WFIPP-LOOKINO 5HAPF5 
15 A COMPLFX CON5I5TINO 
OF 5FVFPAL PPOTFIN5 
OATHFPFP TOOFTHFP. 


THFY APF 
F55FNTIAL 
FOP PHOTO- 
5YNTHF5I5. 
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yi KBei 



mu, A5 YOU PROBABLY KNOW, 

FVFRYTHINO AROUNP U5 15 MAPE 
UP OF ATOM5. EVERY ATOM HA5 A 

CENTER CALIEP A NUCLEU5... ANP A OROUP 

OF ELECTRON5 
REVOLVI NO AROUNP 
THI5 NUCLEU5. 


WHEN SUNLK3HT 
5TRIKE5 CHLOROPHYLL, 
THE MOLECULE 1$ 
"EXCITEP" 3Y THE 
U(3HT ENER(3Y. 


* ACTUALE/, ELECTRONS FLy OFP ONLY FROM THE CENTRAL ZEACTION C£NTEZ CHLOPOPHYU. THE OTHER CHLOROPHYLL 
MOLECULES ACT AS AMPLIFIERS TO FEEP ENERSY INTO THE REACTION CENTER, WHICH ENABLES THE ELECTRONS TO PETACH. 

JL 

THE FREE ELECTRON 
15 THEN PELIVEREP TO 
ANOTHER PROTEIN COMPLEX 
NEAR THE CHLOROPHYLL. 


THI5 OTHER PROTEIN COMPLEX 15 AL50 
EMBEPPEP IN THE THYLAKOIP MEMBRANE 




















































































THE PPOTEIN COtAPlEY.EE VO tAOPE 
THAN TRAN5PORT ElECTPOHE IN A 
PP.EVETEP.tA IN 5P OPVEP. 

A tAOLECÜLE CAUEV NAPPH 
15 5YNTH55IZ5P MOHO THE 
WAY, ANP ATP 15 CPEPTEV AT 
TH5 5NP OF TWE CHAIN. 



NAPPH CON5I5T5 
OF AN eiBCVZOH ANP A 
PROTON CHYPROOFN ION) 
APHFRFP TO A tAOLECÜLE 
CALLEV A HYPPO&EN 
ACCEPTOP. IT 15 CPEATEP 
BY NAPPH REPUCTA5E. 



T055 'FIA 
IN HEPEl 


NAPPH CAN BE THOUOHT OF A5 
A TEMPORARY 5TOREHOU5E FOR N 

AN ELECTRON ANP A PROTON, WHICH \ 
ARE REQUIREP BY THE CARBON 
PIOXIPE FIXATION REACTION WE J 

^ TALNEP ABOUT EARLIER*_ A 

* XN OTHER WORPS, NAPP* 1$ "REPUCEP," ANP NAPPH 1$ CREATE?. CSEE PACE 37 FOR~AN EXPLANATION OF REPUCTIONJ 


THE ENEROY THAT'5 OENERATEP 15 
JU5T A "FLOW OF ELECTRON5," ANP, IN THAT 
5EN5E, IT'5 JU5T UNE THE ELECTRICITY YOU U5E 
FOR YOUR HOU5EHOLP APPUANCE5. 




NOW LET'5 LOON 
AT THE WAY ATP 15 
CPEATEV BY PHOTO- 
PH05PH0PYLATI0NÍ 


THE ELECTRON TRAN5PORT CHAIN ALEO CREATE5 
A "FLOW OF ELECTRON5." 5UB5TANCE5 LINE ATP ARE 
5YNTHE5IZEP BY THI5 ELECTRON FLOW. 
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U0HT THYLAKOIP LUMEN + 

Vi NftUr . 

UW?H 


Y® A 

® 1 




r 5TEP 1 CPH0T05Y5T5M II) 

5UNUOHT 5TISIK55 TH3 
¿HLOPOPHYLl* 


5TEPZ 


TH3 UOHT 5N5IS(3y ¿AU555 
AN 5XOT5P 5TAT5 IN TH3 

¿hlojsophyll 50 an 

eiBCTKOH e‘ 15 5MITT5P 
ANP PA555P ALONO. AT 
TH3 5AM5 TIM5, A PISOTON 
H + A££UMULAT55 IN TH3 
THYLAKOIP LUM5N. 



r 5TEP 3 CPH0T05Y5T5M I) 

TH5 5L5CTISON Ce’) ANP A 
PISOTON AIS5 ¿APTUIS5P 
3Y NAPP + , ANP NAPPH 15 
PISOPUÚFP. 


5TEP4 


WH3N TH3 PISOTON5 CH + ) 
THAT W51S5 COlltCltV 
IN TH£ THYLAKOIP LUM5N 
AIS5 A30UT TO L5AV5 TH3 
THYLAKOIP AÚÚOISPINO TO TH3 
ÚONÚ5NTISATION OISAPI5NT,** 
TH3Y PA55 INTO ATP 5YNTHA55. 
AT THI5 TIM5, ATP 15 
5YNTH35IZ5P F1SOM APP. 


** A FORCF WHICH CAU5F5 A SUSSTA HCB 
TO NATL) RALLY FLOW FROM A HIOH CON¬ 
CENTRARON TO A LOW CONCENTRARON. 


* PHOTOEY5TEM I ALEO HA5 CHLOROPHYLL. ENEROY 15 RECEIVEP HERE A5 WELL, 
ANP ELECTRON5 THAT WERE TRAN5PORTEP FROM PHOTOEYETEM II ARE ONCE 
AOAIN EXCITEP. 



























































































































































































































THE IMPORTANT THINO HERE 
IE THE REAOTION THAT 
OREATEE THIE ATP, OALLEP 
PHOZPHOPYLATION. 


PH05PH0PYLATI0N? 

WHAT MNP OF 
REACTION 1$ THAT? 




APP, WHIOH HAE TWO 
PHOEPHATE OROUPE, 
BECOMEE ATP CAPENOEINE 
TRIPHOEPHATE) IF ONE 
APPITIONAL PHOEPHATE 
OROUP IE ATTACHEP. 


WEUL, LOOK...HERE'E 
THE ETRUCTURE OF APP 
CAPENOEINE PIPHOEPHATE). 


V 



TWO 

PHOSPHATÉ 

OPOUPS 




ADP 


THE REAOTION THAT 
ATTACHEE THIE NEW 
PHOEPHATE OROUP IE 
PHOEPHORYLATION/ 



OH, EO THAT MUET 
BE WHERE THE ÑAME 
"PHOTOPHOEPHORYUATION" 
OOMEE FROMÍ 


LET ME EUMMARIZE 
PHOTOPHOEPHORYUATION 
POP Y OÜl 


IT'E A REACTION 
THAT UEEE 





EO ATP IE EYNTHEEIZEP BY 
THE FUOW OF SUEOTRONE 
TRIOOEREP BY EUNUOHT... 



TO OREATE ATP FROM APP BY 
PHOEPHORYLATION 




X UNPERETANP/ 
UOHT ENEROY 
TURNE INTO 
OHEMIOAU 
ENEROY/ 
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PH0T05YNTHE5I5-ÚAP30N PIOXIPB FIXATION 



THE FINAL- ETEP5 O F PHOTO- 
PHOEPHORYLATION IN WHICH ATP 
ANP NAPPH ARE 5YNTHE5IZEP WILL 
OCCUR EVEN IF LI6HT 1$ NO LONOER 
PREEENT. THIE 15 KNOWN AE A LIOHT- 
INPEPENPENT REACTION * 



THEN POEE CARBON 
PIOXIPE FIXATION 
HAPPEN EVEN AT 
NIOHT OR ON A 
CLOUPY PAY? 


ACTUALLY, NO. IT JUET MEANE 
THAT LIOHT lEN'T NEEPEP AT 
THAT PARTICULAR ETATION. THE 
REACTION ITEELF OCCURE IN 
THE PAYTIME BECAUEE NAPPH 
IE REQUIREP ANP IE NOT 
MANUFACTUREP AT NIOHT. 




*THI5U6H>INPePeNPeNT RgACTION 15 ALEO KN OWN AE THE CALVIN C/CLE OV. THE R5PUCTIV5 PENTQ5E PHO0FW!? CYCL5. 

■CARBON PIOXIPE FIXATION OCCURE IN 
THE 5TROMA, WHICH IE THE CENTRAL 
PART OF THE CHLOROPLAET, RATHER 
THAN IN THE THYLAXOIP MEMBRANE. 


-fEEE? RIOHT 



























































































































































CARBON FIXATION 15 A REACTION 
THAT UEBE CHEMICAL ENEROY, 
ETOREP AE ATP; TO CREATE 
EACCHARIPEE, UEINO THE 
CARBON PIOXIPE IN THE AIR 
AE A RAW MATERIAL 




THAT'E THE CARBON PIOXIPE 

THAT'E PROPUCEP BY HUMANE A ~ „ 

ANP OTHER ANIMALE, lEN'T IT? 

ANP THE RBACTION ALEO NEBPE THE "" 

CHEMICAL ENEROY THAT WAE CREATEP 
BY PHOTOPHOEPHORYLATION. 


FIRET, C0 2 BONPE 
WITH A EUBETANCE 
CALLEP PIBULOBB-1, 
5-3I5PHOEPHAT5 TO 
PORM TWO MOLECULEE OF 
3-PHOBPHO&LYCBPATB, 
WHICH HAVE THREE 
CARBON ATOME APIECE. 


THE CHEMICAL ENEROY 
OF ATP ANP THE REPUCINO 
POWER OF NAPPH ARE UEEP 
TO CREATE TWO MOLECULEE 
OF (3LYCBPALPBHYPB 
3-PHOBPHATB FROM THIE 
3-PHOEPHOOLYCERATE. 


v \r v 


CHi-O-O 

¿=0 

COi+ HC-OH -**’* 
HC-OH ^ 
¿Hi-O-® 


COOH 

I 

HC-OH 



ATP|AOP 


V°“® l/VAOPH] 


\í 


ANP THIE OLYCERALPEHYPE 
3-PHOEPHATE IE UEEP 
TO PROPUCE OLUCOEE, 
FRUCTOEE, ANP OTHER 
EACCHARIPEE. 




CHi-O-® 


HC-OH 
CHi-O-® 



NAOP" CHO 
HC-OH 


CHi-O-® 


CRIBULOEE-1, 

5-BIEPHOEPHATE) 


COOH 

I 

HC-OH 



atpIadp 


"C-0-® l/VAOPH] 


HC-OH 

CHi-O-® 



NA0P + < j :H0 
HC-OH 


O 


EACCHARIPEE 


EACCHARIPEE 


■y 


CHi-O-® 

G-PHOEPHOCLYCERATE) C1,3-BIEPHOBPHO<2>LYCERATE) 

__/v- Y - 


CH^-O-O 
c&iyceRhipeHyve 
3-PH05PHAT5) 


BONPINO OF 
CAPBON PIOXIP5 


U55 OF CHEMICAL ENEPOY 



50 CAPEON PIOXIPE 
15 EOUNP FIK5T, 
ANP THEN CHEMICAL 
ENEKC3Y 15 U5EP. 
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TLUTOSE* IS A BASIT 
SATTHARIPE THAT'S 
VERY TOMMON IN LIVINO 
OROANISMS ANP IN STARTHY 
FOOPS ESPETIALLY. 



* MORE PRECIE6LY THE EAOCHARIPE ORBATEP BY 
PHOTOBYNTHBEIB 1$ OLUCOEB 1-PHOEPHATE. 



OH, WOW/ 

RIC5, NOOPLES, POTATOB5... 
THEY'RE ALL TREATEP 3Y THI5 
AMAZIN<2> PROTESS/ 


THAT'S RI6HT' 
PLANTE ETRIN6 (3LUTOEE 
TOíEETHER LIKE BEAPE TO 
FORM ETARTH, OR THEY 
TONVERT OLUTOEE INTO 
EWEETER EATTHARIPEE, 
EUCH AE EUCROEE** 



PARTS OF PLANTS, PROVIPINO 
US WITH FOOPS LIKE RIOS, 
WHEAT, POTATOES, ANP FRUIT/ 




** PLANTE EYNTHEEIZB EUCROEE FROM 
OLUOOEB TO MAKE THEM MORE 
APPEALINO FOR ANIMALE TO EAT. 



IF PLANTS PIPN'T PERFORM 
PHOTOSYNTHESIS, ALL OF THOSE 
FOOPS WOULP PISAPPEAR... 


...ANP WE'P LOSE THEIR 
ESSENTIAL NUTRIENTS. NOT 
TO MENTION YUMMY TREATS/ 


L so NOW PO YOU 
UNPERSTANP THE 
IMPORTANTE OF 
PHOTOSYNTHESIS? 



YES/ FROM 
NOW ON, I'LL BE 
ORATEFUL FOR 
EVERY SINOLE 
ORAIN OF RITE 
I EAT/ 


















































































































3. Respiraron 



5UOAR 1$ A 
5ACCHARIPE, WHI6H 
15 THE 5AME A5 A 
CARBOHYPRATE, 
RIOHT? 




YE5. CARBOHYPRATE5 
ARE 5ACCHARIPE5 ANP 
50 15 THE 5UOAR KNOWN 
A5 "TABLE 5U6AR" OR 
"BL-OOP 5UOAR." 


A 


AROH/ THAT'5 THE PART I PON'T 
(3ET/ RICE 15 A CARBOHYPRATE, 
50 IT'5 BA5ICALIY MAPE 
OF 5UOAR. BUT THEN WHY 
I5NT IT 5WEET?/ 




WHAT'5 PIFFERENT ABOUT 
ÚAKE THAT MAKE5 IT 50 
5WEET ANP PEUOOU5? 
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ONE IMPORTANT TYPE O F 
5ACCHARIPE 15 0L.UCOSS. IT HA5 
BOTH AN OPBN-CHAIN FORM ANP A 
CYCUC COR RIN&) FORM. 



THI5 PIAORAM REPRESENTE WHAT'S KNOWN AB 
a -P-&UJCOFF. IF THE RIOHTMOET HYPROXyU 
OROUP ANP HYPROOEN IN THE CYCUC FORM 
TRAPE PLACEE AROUNP THEIR CARBON, IT'S 
CALLEP §-P-6LUCOS5. 


H-C-OH 

I 

CHzO H 


i OOK AT THE OPBN-CHAIN 
FORM. BIX CARBON ATOME 
CO ARE VERTICALLY ALIONBP, 
ANP A HYPROOBN CH) ANP A 
HYPROXYU OROUP COH OR HO) 
ARE ATTACHEP TO EACH OF 
THE LOWBR FIVE. 





















































euoar piseolvee eaeiiy, 
RIOHT? IT CAN TRAVEL 
THROUOHOUT THE BOPY VIA 
THE BLOOP5TREAM BECAU5E 
HYPROXYL. 6ROUP5 BLENP 
WEL.I WITH WATER. 


AA*" 

^3#i 


$ l . ozh > 

\ HiO: 

?! 

fs 

i 

^ .. 




CLEARLY, THE PRE5ENCE 
OF OH 15 AN IMPORTANT 
COMPONENT OF 5UOAR, BUT 
WE AU5C> NEEP TO KNOW 
WHERE ON THE 5ACCHARIPE 
THE OH 15 LOOATEP. 


T 


REALIY? 

WHY? 



V° 


H-C-o H 
HO~C-H¡ 
H-C-OH 


H-C-OH 

i 

CH2.OH 


H-C~o H 
HO-C-H 
;;; HO-C-H 


























































































0 EAúúHARIPEE ANP THE "-OEE" 5UFFIX 

You’ve probably noticed that most of the saccharides we’ve discussed so far, like glucose and 
galactose, end with the suffix “-ose.” There are standardized rules for narming saccharides, 
so these ñames usually end with “-ose.” 

For instance, glucose is the saccharide that’s the basis of energy production, and it’s the 
sugar referred to when we talk about blood sugar. Common table sugar is technically called 
sucrose. Milk contains a saccharide called milk sugar, which is known as lactose, and the 
sugar contained in fruit is called fructose. It’s ¡mportant to remember that there are several 
kinds of saccharides in the natural world, and the structures of sucrose, lactose, glucose, 
galactose, and fructose actually differ somewhat. Also, the starch found in rice, potatoes, and 
other starchy foods is made from amylose and amylopectin. 

In Chapter 3, we’ll examine the structures of these saccharides in detail. 


0 WHY PO MONOEA£úHARIPE5 TAKE A CYCUC ZTÍZUCTUfZB? 

Why do monosaccharides take a cyclic structure more often than an open-chain structure? 
The secret is in an OH that’s bonded to a carbón in the molecule. 

Alcohol is a good example of this: All types of alcohol are represented in the form R-OH 
(where R is the variable group). Alcohol can bind with an aldehyde group or a ketone group 
to create a substance called hemiacetal. Since an OH of a monosaccharide also has this 
property, the monosaccharide ends up reacting with an aldehyde group or a ketone group 
within the molecule, and a cyclic structure is formed as the result. 


R — 


C 


OH 


R'— C 


V 


R — o x 


OWOl 


^ ( ALPBHYPe ) 


R' 


’\ 


OH 


H5MIAÚ5TAP 



ía 

H-C-OH 

i 3 

HO -C-H 

U 

H-C-OH 

íi 

H-C-OH 

6 ch 2 oh 


AU75HYP5 


H 

•i- 

r 

HO 


CH.OH 

5 ¿— 


OH 


\0H 
I 

H 


!/ 


'v 


I ALPEHype 
OH 


THE OH IN THE FIFTH PO^ITION OF 
THE MONO^AOOHARIPE REAOTS 
WITH THE AUPEHYPE... 



...TO FORM A CYCUCAl 
5TRUCTURE. 
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THAT'E RIOHT. BUT, MORE 
SPECIFICAUY, OUR CBLL5 
REQUIRE OXYOEN TO OREATE 
THE ENEROY THEY NEEP TQ, 



" 60 TTA ¿REATE MORE 
ATP TOPAYÍI NEEP EOME 
NUTRIENTE ANP OXYOEN'" 


OXYOEN 1$ ABEOLUTELY 
NECEEEARY FOR 
PEÚOMPOEINO OLUOOEE 
ANP EXTRAOTINO ITE ENERGY. 


HMMM.. 


50 JO PUT IT ANOTHER WAY, WE NEEP 
OXYOEN TO MAKE ENEROY FROM THE 
FOOP WE EAT/ 


HEALTHY 

ANP 

STRON0' 
















































































WHEN WE TAKE IN 
OXY6EN ANP EXPEL 
CAPEON PIOXIPE, IT'E 
CAULEP RE5PIRATION. 

HOWEVEP, THE PEACTION IN WHICH 
CEU.E ABEOPB OXYOEN, BPEAK 
POWN OLUCOEE TO CPEATE ENEPOY, 
ANP EMIT CAPEON PIOXIPE IS ,44^0 
CAUEP PEEPIPATION. 



you WANT 
ENERGY? 


^e^oweoyyeg.! 







¿O WF'LL 33 STUPYINO TH3 
P3AÚTION INSIP3 OF C3L15, NOT 
TH3 KINP OF P35PIPATION I'M 
POINO PIOHT NOW. 










































































REEPIRATION IE A REACTION THAT BREAKE 



POWN 6LUCOEE JO OREATE ENERGY 


OROANIEME LIKE ÜE BREAK 

EACCHARIPEE THAT ARE CREATEP BY ) 


POWN ETARCH INTO OLUCOEE, 
WHICH IE UEEP TO MAKE ATP, 

7fh/mk\ PLANTE throuoh photoeyntheeie / 


WITH THE AEEIETANCE OF THE 

1f AKE ETOREP IN THE FORM OF / 


OXYOEN THAT WE BREATHE IN. 

\yjoJ/ $TAK¿:H ' WHICH weanímaleeat^V 


SZ*\ i |/^/* r - V m i v* 001 ^ v 

\ \ V /WWW f /iiAlá n k \| 


^- 7y^v J 

\ \ yuMMy ¡KI^KNM 


Q{- - \ ¿V\ ENEROY l 

' op. xf 





THAT'E INTERNAL REEPIRATION/ 


HERE, TAKE A LOOK AT THIE. 
IT'E THE GENERAL FORMULA 
FOR REEPIRATION. 






CíH^+éOz.+éHzO •* 6C0,t |2 HiO+38Atp 


6L.UCOSE 0XY<3EN 


WATER 


CARBON 

PIOXIPB 


WATER 


ENEROY 


OH, THAT MAKEE 
IT ORYETAU OLEAR/ 
OLUOOEE ANP OXYOEN 
ARE CONEUMEP, ANP 
CARBON PIOXIPE, 
WATER, ANP ENERGY 
ARE PROPUCEP. 



NOW, LET'E TAKE A CLOEER 
LOOK AT THIE REACTION. 


YOU CAN THINK 
O F REEPIRATION 
AE HAVINO» THREE 
ETAOEE... 










































































MITOCHONPRIA 


HMMM... 

THI5 15 ALl KINPA 
OVER MY HEAP. 



CCYTOPLA5M) 



CMITOCHONPRIA) 


ELECTRON 
TRAN5PORT 
CHAIN 

TT7- 


38 

f MOLECULAS 1 
OF 

ATP 


© Glycolysis ¡s performed in the cytoplasm. The © citric acid cycle is performed in the 
mitochondrial matrix, and the © electrón transport chain is located within the inner 
membrane of the mitochondria. 

Through this process, up to 38 ATP molecules are created from 1 glucose molecule. 




mil THEN, HOW 
ABOUT THI5? 


\ 

2TT X 



TA-PA! 


CLYCOLY5I5, 

(^/CITRIC ACIP CYCLE, 

\07 HIOH-TECH 

WHICH PO£5N'T 

<501 NO ROUNP 

^-r ELECTRON 

NEEP OXYOEN 

L—- 

( ANP ROUNP 

\TRAN5PORT CHAIN 



BUT WHAT ARE NAPH ANP 
FAPH Z ? THI5 15 THE FIR5T 
I'VE HEARP OF THEM. ARE 
THEY RELATEP TO THE 
NAPPH THAT'5 PROPUCEP 
BY PH0T05YNTHE5I5? 






HANO ON, L£T'5 NOT OET 
AHEAP OF OUR5ELVE5. THE 
FLOW OF THE5E 5UB5TANCE5 
15 EXTREMELY IMPORTANT, 50 
LET'5 JU5T TAKE IT ONE 5TEP 
AT A TIME/ 

























































































































































































WEiliOVehYOU; 





* IAÚTATE 15 CREATEP FROM PYRUVATE WHEN OXY6EN I5NT AVAILABLE. 
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BUT THE FACT THAT OLYCOLYSIS 
REQUISES NO OXYOEN IS A NOTABLE 
FEATURE/ WHEN OXYOEN RUNS 
OUT, TWO MOLECULES OF ATP CAN 
STILL BE SYNTHESIZEP FROM ONE 
MOLE6ULE OF OLUCOSE. 


WE PON'T 
NEEP NO 
5TINKINO f\ 
OXYOEN' V 




THIS MAPE IT AN 

EXTREMELY IMPORTANT ENEROY 
PROPUOTION PATHWAY FOR OROANISMS 
IN EARLIER ERAS, WHEN THERE WAS 
LESS OXYOEN IN THE ATMOSPHERE. IT'S 
ALSO A VITAL PATHWAY FOR ANAEROBIO 
OROANISMS* LIVINO TOPAY 


SO THERE MUST BE A MORE 
EFFIOIENT METHOP OF 
PROPUCINO ENEROY THAN 
OLYOOLYSIS, RIOHT? 


* AN ANAEROBIA OROANI5M 15 ONE THAT POE5NT REQUISE 
OXy©EN FOR 5URVIVAL. 
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PYRUVATF 


CO 2 


->é> 


(VADH 


OXALOACETATF 



MAUATE 

FUMABATE 


(VADH 


T 

CIE-ACON ITATE 



NO, NOT QUITE. JU5T TRY TO 
f R5M5MB5R THE5E K5Y 5T5P5:* 

' ® PYRUVATE BECOMEE ACETYL- 

CoA, AND © OXALOACETATE AND 
ACETYL. CONDENSE TO FORM THE 
6-CARBON OTRATE. LATER, ® TWO 
CO z MOL.ECULEE ARE RELEAEED, 
AND © ONE MOLECULE OF ATP IE 
PRODUCED, ALONO WITH © FOUR 
MOLECUL.EE OF NADH AND © ONE 
MOLECULE OF FADH Z . 


IT'5 OKAY IF YOU 
CAN'T REMEMBER 
WHICH "-ATE" WORP 
15 WHICH. 



AE YOU CAN EEE, AFTER PYR UVATE 
CHANCEE TO ACETYL-CoA AND THEN TO 
CITRATE, THE CITRATE EEQUENTIALLY 
TRANEFORME INTO VARIOUE EUBETANCEE 
INEIDE THE MITOCHONDRION. THEN 
IT FINALLY RETURNE TO BEINO 
CITRATE ONCE MORE. 




EINCE THE REACTIONE CIRCLE 
AROUND AND AROUND, ITE 
CALLED A CYCLE. CET IT? 


* EACH MOLECULE OF OLUCOEE IE CONVERTEP INTO TWO MOLECULEE OF PYRUVATB, EO TWO MOLECULEE OF ATF, EIEHT 
MOLECULEE OF NAPH, ANP TWO MOLECULEE OF FAPH 2 ARE CRBATBP IN THE CITRIC ACIP CYCLE. 





























































































































































































































































































































































































































































WHILF THE FLOW OF ELECTZON5 
15 THE 5A ME, EACH OF TH05F 
"WFIKP 5HAPF5" 15 WFFEREHT, 
ANP THEV Alt FEKFOm 



whén convezme fkom onéX 
molécula of eivcoee, e\oht \ 
molecviee of naph anp tw o 
moiecvlee of faph 2 avb cvbaxbv } 

BY THE CITZIC AúlP CYCIE ALOHE. J 


f mm 

IfadhJ 


NAPH ANP FAPH 2 ARE EYNTHEEIZEP IN THE 
CITRIC ACIP CYCLE WHEN HYPROOEN ATOME 
ARE PEUVEREP TO BOTH NAP* ANP FAP. 
EINCE A HYPROOEN ATOM CONEIETE OF A 
EINOLE PROTON ANP A EINOLE ELECTRON... 


HYPROOEN ATOM 
= PROTON + 
ELECTRON 


© 

í \ 

UW*\ \™>\ 



...THIE MEANE THAT » PROTON ANP 
AN ELECTRON ARE PEPOEITEP 
IN "TEMPORARY CUETOPY" OF 
NAP* OR FAP* 


^PEPOEITINO FOR ETORAOE/^ : : 




/ IN PHOTOEYNTHE5I5, A 
/ PROTON ANP AN ELECTRON 
WERE PEPOEITEP INTO 
\ NAPP TO FORM NAPPH. 


‘ IN OTHER WORP5, NAP* OR FAP 1$ "REPUCEP," ANP NAPH OR FAPH 2 15 CREATBP. 
C5EF PACE 37 FOR AN BXPLANATION OF REPUCTION.) 



THE PROTONE ANP 
ELECTRONE THAT 
WERE PEPOEITEP 
IN NAP* ANP FAP 
WILL THEN EXHIBIT 
THEIR POWER IN 
THE ELECTRON 
TRANEPORT 
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ELECTRON 

^=V> TRANEPORT CHAIN 





WHILE THIE ELECTRON Ce") 15 EUCCEEEIVELY TRANEFERREP, 
THE PROTEINE UNPEROO VARIOUE CHANCEE. AE A 
REEULT, PROTONE CHO MOVE FROM THE MITOCHONPRIAL 
MATRIX TO THE INTERMEMBRANE EPACE CBETWEEN THE 
INNER ANP OUTER MEMBRANEE). THREE "PUMPE" PUEH 
THEEE PROTONE INTO THE INTERMEMBRANE EPACE. 














































































































































































































































































































































































































































































































































































WHEN THIE OCCURE, A FORCE CALLEP 
THE CONCENTRATION ORAPIENT IE 
(5ENERATEP. THIE MEANE THAT WHEN THE 
CONCENTRARON OF THE PROTONE CHO IN 
THE INTERMEMBRANE EPACE BECOMES 
HIC5HER THAN IN THE MATRIX, THE PROTONE 
TRY TO FLOW TOWARP THE MATRIX. 


THE CONCENTRARON ORAPIENT 
IE A FORCE WHICH CAUEEE A 
EUBETANCE TO NATURALLY FLOW 
FROM A HIOHER CONCENTRARON 
TO A LOWER CONCENTRARON. 





AN ELECTRON TRANEPORT CHAIN IN 
EATIEFACTORY CONPITION HAE A "OATE" 

THROUOH WHICH THE PROTONE ,- 

CAN MOVE INTO THE MATRIX. 


OFF YOL) <50, PROTONE/ 


THAT <5ATE IE THE ATP BYNTHABB. 
WHEN A PROTON PAEEEE THROUOH IT, 
ONE MOLECULE OF ATP IE PROPUCEP. 


THEREFORE, 30 MOLECULEE OF ATP ARE CREATEP FROM 10 MOLECULEE 
OF NAPH COF WHICH TWO MOLECULEE ARE PROPUCEP VIA OLYCOLYEIE), 
ANP 4 MOLECULEE OF ATP ARE CREATEP FROM 2 MOLECULEE OF FAPH Z . 

WE SET THEEE NUMBERE BECAUEE THE ELECTRONE ORISINATINS FROM NAPH 
CAUEE THE "PROTON PUMPE" TO WORK AT ALl THREE LOCATIONE, BUT THE 
ELECTRONE FROM PAPH, CAUEE THEM TO FUNCTION AT ONLY TWO LOCATIONE. 



interMeMbrAne 
■EPACE 

COMPLEX I 



MATRIX; 







\ ATP 











ANP FINALLY THE ELECTRON ANP THE 
PROTON THAT WERE USEP BONP WITH 
OXYOEN (.OXY&BN IB REQUIREP 
HBRBn TO PROPUCE WATER. 





























































































































































































































































































































































































































































REMBMBER, IF WE EXPRESE THIE 
RESPIRARON REACTION IN A CHEMICAL 
FORMULA, WE OET THE FOLLOWINO, 
WHICH WE EAW EARLIER. 


CíHaO 6 +éOj.+éHi0 ■# 6C0*+ |2H,ot3SATP 


OLUCOSE OXYOEN WATER 


CARBON 

PIOXIPE 


WATER 


ENEROY 



BY THE WAY, IF WE REPLACE THE "38 ATp\ 
MOLECULEE" WITH "LIOHT ENEROY" ANP 
REVEREE THE ARROW'E PIRECTION WHAT J 
PO YOU THINK WE'LL OET? ,,.J 



WHOA/ IT'E PHOTO$YNTH£5&. 
AMAZINO' 



Cí HiA+ 6 0,.+ éHiO 6C0.+ i2H»o+ 


OLUCOSE OXYOEN WATER 


CAREON 

PIOXIPE 


WATER 




MOLECULES ARE PROPUOEP FROM 1 OLUCOEE. 


/ OLYCOLYSIS, THE ¿ITRIO ACIP ¿YOLE, ANP THE ELECTRON 
TRANSPORT CHAIN COM8INEP CREATE 33 MOLECULA OF ATP, 
y WHICH 8ECOMES THE ENEROY FOR THE ACTIVITY OF OUR CELLS* 

* THE NAPH PROPUCEP PURINA OLVCOP/SIS CANNOT ENTER MITOCHONPRIA ON ITS OWN. INSTEAP, IT PASSES ITS ELECTRONS 
TO A "SHUTTLE" CALLEP &LYC£ZOL 3-PH05PHATB. 6LYCEROL 3-PHOSPHATE PASEES ITS e~ TO FAP + IN THE MITOCHONPRIAL 
MEMERANE, ANP FAPH 2 IS CREATEP. WHEN FAPH 2 PEPOSITS ITS e' INTO THE ELECTRON TRANSPORT CHAIN, ONE STEP IN THE 
CHAIN IS SKIPPEP, ANP ONE LESS ATP IS FORMEP CTWO LESS PER OLUCOSE), SO THE NET ATP PROPUCEP IS 36. 
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WE CAN 5UMMAPIZE THE 
INTEPREL.ATION5HIP5 OF 
PHOTOEYNTHE5I5 ANP 
PE5PIPATION A5 PCXIOWS: 



BCRIBBLB 




BY K£EPIN<3 THE5E TWO 
PPOCE55E5 WEU-BALANCEP 
(3LOBALIY, THE ECOEY5TEM 15 
MAINTAINEP. 


50 IF WE t-OOK AT 
PEFOPE5TATION FPOM A 
BIOCHEMICAL POINT OF 
VIEW, IT'5 EA5Y TO 5EE WHY 
IT'5 50 PANOEROU5' 


























































































































UM...YEAH/ THAT'5 fckSHTÍ 

vil teco* t you home/ 

(5OIN0 OUT AT Nk&HT 15 
5CARY ANP PAN6EPOU5. 
Vil JU5T TAKE YOU BAÚK 
TO YOUK PLACE... 
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4. ATP—The Common Currency of Energy 


Plants and animáis use cellular respiraron to turn the silgar created by photosynthesis 
into potential energy, mainly in the form of adenosine triphosphate (ATP). ATP is often 
called the “common currency” of energy because it’s used by almost every living thing: 
bacteria, plants—even complex organisms like Tom Cruise. However, individual molecules 
of ATP are not exchanged between organisms, so how does it opérate like currency? 

As you can see below, ATP has three phosphate groups attached to adenosine. When 
the outermost phosphate group is detached and becomes adenosine diphosphate (ADP) 
and inorganic phosphate (Pi), 7.3 kcal (31 kJ) per mole of energy is released. If ATP is 
hydrolyzed in a test tube, the surrounding water is warmed by this energy, but in an actual 
cell that energy is used when an enzyme catalyzes a Chemical reaction, a muscle moves, 
or a neural signal is transmitted. 


APENOSINE 


i-1 

APENINE 



/ \VBHOe\HB TPIPHOSPHATE CATP) 


WHEN THE OUTERMOST PHOSPHATE (p) 
IS PETACHEP TO FORM APENOSINE 
PI PHOSPHATE CAP P) ANP INOROANIC 
PHOSPHATE CPU... 


7.3 KCAU C31 kJ) OF 
ENEROY IS EMITTEP. 


T 



73 KCAU C31 kJ) OF 
ENEROY IS USEP... 


TO CREATE APENOSINE TRIPHOSPHATE 
CATPO FROM APENOSINE PI PHOSPHATE 
CAPP) ANP INOROANIC PHOSPHATE CPi). 



s 


N 


-\ 


p¡ 


_ J 

\Hozemc 

PH05PHAT& 
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5. Types of Monosacchai des 


Mvoeee anp Keioeee 


We already saw that one of the basic forms of a saccharide (monosaccharide) has ¡ts first 
carbón forming an aldehyde group (see page 61 for more details). Another form of mono¬ 
saccharide has ¡ts second carbón forming a ketone group. 

Monosaccharides that have an aldehyde group are called aldoses, and monosaccharides 
with a ketone group are called ketoses. 

Some examples of aldoses are glucose and galactose, and the most well-known ketose 
is fructose. (For more details about fructose, see Chapter 3.) 


H 0 

\cS 


AUPEHYPE 

&POUP 


CHpOH 


X 

1 

—o— 
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o 

X 

HO —C—H 

X 

o 
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o- 

1 

X 


H 1 

H —c—OH 

H—C—OH 


X 

1 

-o — 

1 

o 

X 

H—C—OH 


1 

CH 2 0H 

CH 2 0H 



KBTOHB 

6POVP 


GIVCOSB 


FRUCTOSE 

CAN AUPOSE) 


CA KETOSE) 


FYKMOee ANP FUKMOee 

Earlier we learned that when certain monosaccharides, like glucose, take a cyclic structure, 
they resemble a hexagon. A monosaccharide that takes this form of a six-membered ring, 
made up of five carbons and one oxygen, is called a pyranose. However, there are some 
cases in which a monosaccharide will resemble a pentagon, made up of four carbons and 
one oxygen. This ¡s called a furanose. 

Although glucose normally takes the form of pyranose, ¡n extremely rare cases it 
becomes furanose. To distinguish the two, the former is called glucopyranose, and the latter 
¡s called glucofuranose. 

Fructose can also become a pyranose or furanose when it takes a cyclic structure, and 
these forms are called fructopyranose and fructofuranose, respectively. 



eiücopypMoeB ) ( GivcopypbHoeB 
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P-FOPM ANP l-FOm 


Monosaccharides, such as glucose, can exist as D-form or L-form ¡somers. All monosaccha¬ 
rides that appear ¡n this book are ¡n D-form. 

To tell the difference between the two forms, first find the asymmetric carbón. This 
is the carbón for which the four bonded substances all differ—¡n glucose, it’s the fifth one. 
When the OH connected to this asymmetric carbón is on the right side in the structural 
formula of the open-chain form, this monosaccharide is the D-form. When the OH is on 
the left side, it’s the L-form. Using this as a basis, the H and OH that are bonded to the car- 
bons at the second through fifth positions of the D-form for glucose are all reversed in the 
L-form. 

The fact that the H and OH are reversed for all carbons from the second to the fifth 
positions is important. If, for example, only the H and OH at the fourth position of glucose 
are reversed, a different monosaccharide called galactose is formed (see page 62). 

Note that most monosaccharides that exist in the natural world are known to be of the 
D-form. 
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H-C-OH 


HO—C—H 


HO—C—H 


H —C—OH 


H —C—OH 


HO—C—H 


H —C—OH p-form 


HO — C —H L-FOIZM 


CH 2 0H 


ch 2 oh 


p-ouucose 


1 - 01 UCOSB 
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6. What Is CoA? 


When pyruvate, which ¡s created by glycolysis, enters ¡nto the citric acid cycle, it becomes a 
substance called acetyl-CoA. But what does CoA mean? 

CoA stands for coenzymeA. Its structural formula is shown below. CoA is a substance 
in which two phosphates in a row are bonded to the fifth carbón of adenosine triphosphate, 
and a vitamin called pantothenic acid, as well as 2-mercaptoethylamine, are also bonded. 
Within the CoA, shown in the shaded part of the figure below, is the phosphopantetheine 
group, which works as a “carrier” because it transports the acetyl group (aka the carbo- 
hydrate chain of fatty acids). Acetyl-CoA has an acetyl group bonded at the front of this 
intimidating-looking molecule. 


ACETYL-£oA 



IF AN ACETYL 
SPOUP IS 
ATTACHEP 


H H OH CH, 0 

I III II 

hs—ch 2 —ch 2 -n -c —ch 2 —ch 2 -n -c -c —c —ch 2 -o -p-o 

II II H I | 

o o CH 3 o - 


I_I I_I 

2-MEPCAPTOETHYLAMINE PANTOTHENIC ACIP 


PHOSPHOPANTETHEINE OPOUP 



o- = p=o 

i 

I _°I_ 

APENOSINE 

TPIPHOSPHATE 


STfcUOTUfcE OF CoA 


Another protein that works similarly to CoA is ACP (acylcarrier protein). ACP, which we’ll 
examine more thoroughly in Chapter 3, is also a “carrier.” And like CoA, it has a phosphop¬ 
antetheine group but at a different location. The phosphopantetheine group is bonded to the 
serine (a type of amino acid) of ACP rather than to adenosine triphosphate. 

Since it’s called a coenzyme, CoA plays the role of assisting in Chemical reactions neces- 
sary in the procession of a metabolic pathway. 
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1. Lipíds and Cholesterol 

"lifi. Yt'r, .r 


WHAT (kVB UPIPS? 






COOll 
WAIT...WHAT5 THIS? 


I'm terribly sorry, but something ¡mportant 
carne up and I won’t be able to make ¡t today. 

Why don’t you and Nemoto try to figure 
out the answers to the following questions? 
You can report back to me later. 

1. Is cholesterol really bad? 

2. Why do you gain weight ¡f you overeat? 

3. What ¡s blood type? 

4. Why does fruit get sweeter as ¡t ripens? 

5. Why are mochi rice cakes springy? 

These are mysteries that can only be 
solved using biochemistry! Since there's no 
need for you to come to the university today, 
just think about them leisurely while enjoying 
yourselves at home, okay? 
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I KNOW MY PAP 15 
ALWAY5 eo\we ON 
ANP ON ABOUT HI5 
CHOLE5TEROU LBVBU5, 



FOR YOUR 5AKE, WE'P 
BETTER ETUPY UPIP5 NEXT. 
ALTHOUOH WE UEARNEP ABOUT 
EACCHARIPEE IN PROFE5EOR 
KUROEAKA'E LEEEONE, WE 
ALEO NEEP TO LEARN ABOUT 
TWO MORE THINOE: UPIPE 
ANP PPOTEINE. THEEE ARE THE 
THREE MAJOR NUTRIENTE. 
WELl THEN, LST'E TALK 
ABOUT LIPIPE/ 


WHAT? I'M JUET 
WORRIEP ABOUT FAT. 

WHAT ARE LIPIPE? 
ARE THEY PIFFERENT 
FROM FAT? 
















































































































5INCE UPIP 15 A 
<3ENFRI C TFRM 
U5FP JO REFER 
JO VARIOU5 
BIOMOUEOJLE5, 
IT'5 PIFFICUUT JO 
^ PEFINE, BUT... 



Él 


UPIP 

AN IMPORTANT 
PROPERTY OF UPIP5 
15 THAT THEY PON'T 
P/BBOLVE REAPILY 
IN WATER BUT 
PO PIBBOLVE IN 
OR&ANIC BOL-VENTE* 

* THERE ARE EXOBPTIONB, THOUOH: BOMB ©LYCOUPIPB PO 
PIBBOLVB IN WATER. 


oroanic 

50LVENT5? 




ONE EXAMPIE 15 
ACETONE, WHICH 15 
OFTEN U5EP IN NAIL 
POU5H REMOVER. 



MORE 5PECIFICALLY, 
OROANIC 50LVENT5 ARE 
LIOUIP5 CON5I5TINO OF 
OROANIC COMPOUNP5 
WITH CARBON ATOM5 IN 
THEIR 5TRUCTURE5. 


ALCOHOL 15 
ANOTHER EXAMPLE. 
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NOW LFT'5 
PI5CU5F THF5F 
PIFFFRFNT UPIP 
TYPF5, ONF 
BY ONF. 




Fltf 1 






\0> 


FIR5T, WF 
HAVE NEUTRAL 
UPIP91 


AS I MENTIONEP 
EARLIER, A NEUTRAL 
UPIP 15 THE 5UB5TAN0E 
THAT WE NORMALLY 
CALI. "FAT." 


FAT 


V) 


NEUTRAL. LIPIP5 ARE 
FORMEP FROM 
TWO 5UB5TANÚE5: 
OLYÚEROL ANP FATTY 
ACIP5. 




AMONO THE NEUTRAL LIPIP5 
IN5IPE OUR BOPIE5, THE M05T 
COMMON 15 TRIAO/LOLYCEROL, 
WHICH OON5I5T5 OF ONE 
OLYCEROL MOLECULE 
ANP THREE FATTY ACIP5, 
COMBINEP UKE THI5: 


HO-CHz HiCAa^vwc-o-CH, 

H0 -ch + 3H*CA/vvwvCooH — HjCA/wvwc-o-ch 

i o 

HO-CHz HjCA/ww ^ c - o - ch * 




NEUTRAL UPIP 


TRIAO/LOLYÚEROL 
WILL OFTEN POP 
UP IN PI5CU55ION5 
ABOUT LIPIP5. 



THERE'E ALEO 
MONOACYLOLYCEROU 
WHICH HAE JUET ONE FATTY 
ACIP COMBINEP WITH ONE 
OLYCEROL... 


ANP PIACYLOLYCEROL, IN 
WHICH TWO FATTY ACIPE 
ARE COMBINEP WITH 
OLYCEROU 


MOVINO RIOHT ALONO... 
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PHOEPHOLIPIPE HAVE A 
ETRUCTURE IN WHICH ONE 
OF THE THKEE FATTY A CIPE 
OF A NEUTRAL- UPIP IE 
REPL-ACEP EY A CHEMICAL- 
COMPOUNP CONTAININO 
PHOEPHORIC ACIP.. 



0 

ii 

(4 jCA/v^/Xa/vc-o-CHi 
0 | 

U jC A/v^yw-v c- o- c H 

0 I 

n i 

^CA/v^/xa/vc-o-oh* 


ONE OF THEEE THINOE 
IE NOT UIKE THE OTHERE. 









































































































































GVYCOl\?\Ve AKÉ 
l\?\Ve THAT ÚONTAIN 
A 6AC£HARIP£ AS A 
ÚOMPONÉNT. 


. QViCOl IF1P 






6ALACTOCFPF3POSIPF 
CA TYPF OF 
SPHINOOOLyCOUPIP) 


OH 


6ALAÚTOSF 


SPHIN60SINF 

Ha »J r 
"C—c—c—H 


I 



PATTy ACIP 


He 

(CHa) a 

CH 3 


UPIPE 






Ü NEUTRAL- PAT 

• NEUTRAL- UPIP 

• PHOEPHOUPIP 

• OUYCOUPIP 
ETEROIP 


HMM...FATTY ACIPE ARE 
CONTAINEP IN A BUNCH 
OF PIFFERENT UIPIPE, 
AREN'T THEY? 


S THEEE CONTAI N 
FATTY ACIPE. 


THAT'E RIOHT/ MOET UPIPE 
CONTAIN FATTY ACIPE. 


7 THEY'RE THE ETARE 
OF THE EHOW HERE, 
ACTUAU.Y. 





ETARE?/ 

YEAH RIOHTÍ 
I'P UKE TO PUT 
THEIR UOHTE OUT.. 
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% FATTY AúlPS 



Fatty acids are a source of energy, and they can become phospholipids, which are a 
raw material for creating cell membranes. If there were no fatty acids, humans could 
not live. 



Wow, really? That’s surprising! And I thought they were the enemy. 



First, let’s look at the structure of fatty acids. Although they can be constructed by 
connecting a few to several dozen carbón (C) atoms together, the fatty acids that are 
in our bodies always contain 12 to 20 carbón atoms. 




0 


H H H H H H 

U I u I U I U I U I u 

pn pnpnpnpnprip 

/ i \ 1 / V \ 1 / i \ 1 / Y \ 1 / i \ I / i \ I / L \ 

H,C ¿ C ¿ C ¿ C ¿ C ¿ C ¿ C OH 

11 | n | n | n | n | n 

H H H H H H i-1 


(CH,(CH 2 ) 12 C00H) 


( FATTY ACIP ] 


CARBOXYU 

(5ROUP 



At the farthest end of that long chain (which is called a hydrocarbon chain) is a 
structure called a carboxyl group (-C00H). 

Since only hydrogen (H) atoms are attached to each of the carbón atoms, 
the fatty acid does not mix easily with water. It lacks hydroxyl groups (OH), which 
saccharides have (see page 61 for information about saccharides). 



Oh, I get it, like oil and water. So tough to mix! 



Some fatty acids are made in our bodies. For instance, excess carbohydrates are 
converted into palmitic acid. Two fatty acids, linoleic and a-linolenic acid, are essen- 
tial, which means that they are necessary for good health and cannot be synthesized 
by humans. On the other hand, stearic acid and arachidonic acid cannot be synthe¬ 
sized but are not essential to good health either. All these fatty acids contain over 
16 Cs! 
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Yikes! So many Cs.Jt’s like a nightmare report card! 


Palmitic acid CH 3 (CH 2 ) 14 C00H 

Stearic acid CH 3 (CH 2 ) 16 C00H 


Linoleic acid CH 3 (CH 2 ) 4 (CH^CHCH 2 ) 2 (CH 2 ) 6 COOH 

a-linolenic acid CH 3 CH 2 (CH=CHCH 2 ) 3 (CH 2 ) 6 COOH 

Arachidonic acid CH 3 (CH 2 ) 4 (CH=CHCH 2 ) 4 (CH 2 ) 2 COOH 

When there is a double 
bond inside the molecule, 
we write it like this. 



Certain fatty acids have double bonds between the carbón atoms ¡n the middle of the 
molecule, as you can see ¡n this figure. 


H 


C 

I 

H 


H 

I 

I 

H 



H H 



A CAPEON ATOM HAS FOUP 
"APMS," ANP USUALLY A 
SEPAPATE ATOM EONPS 
WITH EACH APM. 


HOWEVEP, IN SOME CASES, TWO 
APMS APE USEP TO EONP A 
CAPEON WITH ANOTHEP ATOM. 
THIS IS CALLEP A POU3LB BONP. 



Carbons that are double bonded are called unsaturated carbons, and fatty acids that 
have unsaturated carbons are called unsaturated fatty acids. 

Unsaturated fatty acids don’t solidify as easily, remaining as liquid at lower 
temperatures than saturated fatty acids, so they are often included as a component 
of cell membranes (that is, phospholipids) for which flexibility is ¡mportant. 



So. Jf there are a lot of double bonds, fatty acids are harder to solidify? 



That’s right. Double bonds can create kinks, which prevent the unsaturated fatty 
acids from forming a stable solid. This means that the melting point of fatty acids 
differs significantly depending on the number of carbón atoms and the number 
of double bonds between those carbón atoms. 
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0 cHoieereROi \e a typb of ztbizoip 



Okay, before we get too off track, let's get back to cholesterol. 



Yeah, that’s right! I’m pretty sure I understand lipids and fatty acids, but what exactly 
¡s cholesterol? 



Cholesterol ¡s also a type of lipid, but ¡t has the following form: 




The three hexagons and one pentagon combined, as shown ¡n the above figure, are 
called a steroidal skeleton, and a lipid that has this basic form is called a steroid. 


u?\ve - 

r— NEUTRAL FAT —^ 
• NFUTPAU UPIP 



FH05PH0UPÍP 

GLVCOUPW 

eJBROW 



WelL.I guess that means that steroids are a type of fat! Weird! 
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ctioieeieizoi'e job 



I understand that cholesterol is a type of steroid, but what exactly is a steroid? All I 
know is that bodybuilders use them to get super buff. 



Well, when we talk about “steroids,” ¡t often brings to mind ¡mages of pharmaceuti- 
cals and intimidating pectoral muscles, but there are actually a number of steroids 
that exist in our bodies normally, like cholesterol. 

For example, there is a type of hormone called a steroid hormone. The most 
famous of these are the sex hormones—the indispensible hormones that make males 
males and females females. 



Sex hormones, eh? Whatever they are, l’m just glad they made me a girl. Boys are 
totally gross! 



Um...whatever you say, Kumi. 

Anyway, testosterone, which is a sex hormone produced mainly in a males 
testicles, is actually created with cholesterol as a raw material. 

Progesterone, another sex hormone, is produced in a females ovaries or 
placenta and is also created from cholesterol. 


OH 


0 



CH, 

I 

c=o 



( TESTOSTERONE ) 


( PgQ<3gSTERONe ) 
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Vitamin D ¡s also a type of steroid created from cholesterol. Since Vitamin D is pro- 
duced when ultraviolet rays strike our skin, it’s very ¡mportant for human beings 
to be exposed to the sun. 


ULTKAVIObET CUV) RAY 


cwoieeittoi -► 7-vewvKocwoieeitKoi 



VITAMIN 


In addition, cholesterol plays other very important roles, such as being a raw 
material of bile acid,* which is required for digestión and the absorption of fat in the 
small intestine. 


Wow! Cholesterol has a ton of important jobs! I had no idea.. 


That’s right. When people who pay attention to their health (like your father) talk 
about cholesterol, usually a negative image, like arteriosclerosis or obesity, comes to 
mind, but cholesterol is actually an extremely important substance for our bodies. 


Jeez, now l’m really confused. Why does such a vital substance make us think of 
illness, unhealthiness, or being overweight? 


Don’t worry, we’ll unravel that mystery soon enough... 


' Bile acid is created in the üver, stored in the gaübladder, and secreted to the duodenum. 
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...I re Cl AEEIFIEP AS 
eoov ¿HOLESTEROL. 
OR BAP ¿HOLESTEROL. 
ACCORPINO TO HOW 
IT'S TRANSPORTEP. 


SHUT UP/ 
OOOP ANP BAP 
APE THE SAME?/ 




NO NEEP TO OET WORKEP UP- 
I'UL EXPLAIN EVERYTHINO. SINCE 
LIPIPS PONT PISSOLVE IN WATER 
PIREOTLY, THEY ¿ANNOT EXIST 
INPEPENPENTLY IN BLOOP. 


THEY ARE PISSOLVEP 
TOOETHER WITH LOTS 
OF OTHER MOLEOUUES 
TO ¿REATE A WATER- 
SOUUBUE FORM CALLEP 
A UPOPPOT&N. 
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LIPOPROTEINS CAN 
BE CBABB\B\BV INTO 
SEVEPAL TYPBB 
ACCOPV\N6 TO 
BPBC\B\C (SPAVITY, 

AB YOU CAN BBB 
IN THIS FIGURE. 



BPBCIFIC &PAVITY 
PEFEPE JO THE ENTIPE 
UPOPPOTEIN PAPTI6LE IN 
THAT, IF THEPE APE MOPE 
NEUTPAL UPIPS THAN 
PPOTEINE, THE EPEÚIFIÚ 
(3PAVITY PEÚPEA5EE. 

IF THEPE APE MOPE 
PPOTEINE THAN NEUTPAL 
LIPIPE, THE EPECIFIÚ 
(5PAVITY INÚPEA5EE. 


CHYLOMICRON 


LOW 
SPEOIFIO ^ 


VLPL 

(VERy LOW-PEN5ITy 
LIPOPROTEIN3 .. 

, ■ ■ II 


LPL 

CLOW-PEN5ITy 

LIPOPROTEIN) 


HPL 

CHISH-PEN5ITy 

LIPOPROTEIN:) 


(5PAVITY 


I SEE... 



MORE NEUTRAL 
LIPIPS 

FEWER PROTEINS 


m 


LET'E FOCUE 
ON LPL ANP 
HPL FOP NOW. 




HI<5H 

SPECIFIC 

(5PAVITY 


• FEWER NEUTRAL 
LIPIPS 

• MORE PROTEINS 


* CHOLE5TEROL E5TER 15 OHOLE5TEROL WITH A FATTy AOIP ATTAOHEP T O IT. 

** A FRES CHOLB5TEROL 15 A OHOLB5TEROL WITHOUT A FATT/ ACIP ATTAOHEP TO IT. 
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IVl, WHIúH 
¿APRIE5 A LOT OF 
¿HOLE5TEPOL, 
HA5 THE POLE OF 
TRANSPORTIN& 
CHOLFSTFROL TO 
THF TI$$L)e$ OF 
THF BOPy. 


LIVEP 





BOPY TI55UE5 


ACK! 





IT PI5TPIBUTE5 ÚHOLE5TEPOL 
THPOUOHOUT THE BOPY, ANP HPL 
15 ÚALLEP "0009" BECAU5E IT 
PEMOVE5 ÚHOUE5TEPOU FPOM 
PEPIPHEPAU TI55UE5 
ANP BPIN05 IT BAÚK 
TO THE UIVEP. 



II I FINALLY OET IT/ THE L 

1 1 ÚHOLE5TEPOL IT5EUF J 

1 1 15 AUL THE 5AME. áj 

\ÜI 

¡ 1 / BUT IT'5 PEOAPPEP jfl 

11/ A5 "OOOP" OP "BAP" 'W^f 

1 1 BA5EP ON THE TYPE 

V^jA X / 

I |\ OF UPOPPOTEIN THAT'5 

1 1 \ TPAN5POPTINO IT/ 

X BAPm 
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WHAT 15 APT3PI05CL5P05I5? 


CVAECÍC/ 

*V 





Now that you have a better understanding of cholesterol, imagine what would 
happen if the density of LDL (bad) in the blood increases while the density of HDL 
(good) decreases. 


Hmmm, I guess cholesterol would be transported into the body’s tissues faster than 
it could be removed, and it would pile up in the blood vessels. 


Right. Cholesterol will accumulate on the walls of blood vessels, the lumens of the 
blood vessels will get narrower, and the flow of blood will be obstructed. This is called 
arteriesclerosis. 










NOKMAL 3 LOOP 
VESSEL 


ÚHOLESTEPOL 

<3ETS 

PEPOSITEP. 


IMMUNE ce LIS APE 
PEÚPUITEP, ANP THE 
LUMEN STEAPILY <3ETS 
NAPPOWEP. 


The blood vessels get thicker and harder, and as the symptoms advance, it can 
lead to sickness or even death. 


Cholesterol can lead to death?! Not to be taken lightly, I guess... 


Let’s look at a typical type of arteriesclerosis called atherosclerosis. Scientists believe 
the process goes something like this: First, LDL cholesterol is deposited on the inner 
wall of a damaged blood vessel. This cholesterol is then eaten by phagocytes,* such 
as macrophages, and bulging cells filled with fat, called foam cells, accumulate. 

When this happens, the smooth muscle cells that create the walls of a blood 
vessel also end up changing significantly, getting harder and thicker. 


* A phagocyte is a gluttonous kind of white blood cell that eats just about anything. They’re an essential 
part of the ¡mmune system. 
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MACPOPHA6E 



MIS5HAPEN SMOOTH MUSOLE CELLS 



Wow, that artery ¡s even more clogged than the pipes in my bathtub. But at least 
some hair in the drain won’t kill me! 



Don’t be so sure. The clog in my tub practically has a mind of its own. It’s a real 
jungle down there! 



Whoa, gross! TMI, Nemoto! 



Er...sorry. Anyway, you can see some of the ¡llnesses that arteriesclerosis can cause 
below. 


BKAIN 


HEAfcT 



CBPBBP AL INFAKCTION CSTKOKE) 
CBPBBP AL HEMOKRHAOE 


ANAINA PeCTOK\5 
MYOOAKPIAL INFAfcOTION 
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MYSTEKY 


1 


15 CHOL59TBROI REAULY BAP? 


<§> Cholesterol, which ¡s transported through the blood vía 
lipoproteins, can be both good (HDL) and bad (LDL). 

The cholesterol ¡n LDL ¡s transported to the body’s 
peripheral tissues, and the cholesterol ¡n HDL ¡s 
transported from peripheral tissues to the liver. The 
balance of these is very important. 

Cholesterol is an important substance that makes 
hormones, but if too much is absorbed, it can result 
in arteriesclerosis, which can lead to serious ¡llnesses 
and even death. 
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2. Büochemistry of Obesifry—Why Is Fat Stored? 







BEINO 5K3NIFIÚANTL.Y 
OVERWEIOHT 15 AOTUAUY 
A MEPIOAL ÚONPITION 
CAUEP OBB9ITY. 


Ti O PUT IT 5IMPLY, 
JO 35 03595 M5AH5 
THAT AN 5Y.C555 OF 
FAT HA5 BBEN 5TOREP 
IN YOUR BOPY 



ALL RIOHT/ LET'5 
TAUK ABOUT WHAT 
OBESITY MBAN5 
BIOOHEMIÚAUY 



IN6E5TEP ANP FXPENPEP ENERGY 



THE TOTAL. ENEROY THAT 
15 OREATEP FROM THE 
5AC0HARIPE5, UPIP5, ANP 
PROTEIN5 THAT WERE EATEN* 15 
ÚAULEP THE IN&E5TEP ENER&Y. 


* MORE ACCURATELY, 5INCE 50ME OF THE5E PARTICLE5 OF FOOP ARE PIRECTLY EXCRETE? 
AFTER THEy ARE EATEN, IN6E5TEP ENERO 1 / 15 THE TOTAL ENER6Y THAT 15 CREATE? FROM 
THE 5ACCHARIPE5, LIPIP5, ANP PROTEIN5 THAT WERE ACTUALLY AB50RBEP BY THE BOPY. 
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ANIMAIS PPFSFPVF FAT 



Animáis have a mechanism for preserving a fixed level of fat in the body. If they 
overeat and fat accumulates, that triggers a signal that tells the brain to reduce the 
amount that is eaten. Conversely, if the amout of fat is reduced, causing the animal 
to get hungry, it will eat until the fat level returns to its original amount. 



Interesting! I guess that instinct must come from animáis living in the wild, where life 
is severe. If it gets too fat, it won’t be able to catch food, and if it gets too skinny, it 
could starve and die. 



That’s right. For example, the protein hormone insulin causes glucose in the blood to 
be absorbed into muscle or adipose tissue and stored as glycogen or fat. The result 
is that it lowers the blood sugar level. (Insulin is also used to treat diabetes.) 


© = A SACOHAKIPE C6l\)COe& 




HI<3H BLOOC7 


PIZOPPINe EL OOP 

5U6AK LEVEL 


EU6AR LEVEL 



Oh, so “blood sugar level” is just the concentration of glucose in the blood! And if 
that glucose is absorbed into muscle or fat, the concentration in the blood will drop. 



Also, the cell membranes of nerve cells in the hypothalamus (a special part of the 
brain) contain a protein called an insulin receptor* 


* Insulin receptors actually exist in the cell membranes of many types of cells in the body, not just 
nerve cells. 
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So insulin regulates the eating behavior and fat level of an animal via the 
hypothalamus. 


BPAIN 



HypOTHALAMUS 


* supppesses 

HUN(3£P 






INSULIN 

BINPS 


INSULIN RBCBPTOR5 
AP£ BMBBPPBP IN THB 
ceil WALL. 


The urge to eat is suppressed by the nervous system when insulin binds with the 
insulin receptors in the hypothalamus. 

The experiments scientists have done to prove this may surprise you—for 
instance, lab mice that were prevented from producing insulin receptors ended 
up becoming really obese. 


Wow! Instructions go to my brain to keep me from eating too much? That’s crazy- 
it’s like my own body is playing a trick on me! 


There’s also a protein called leptin, which is only created in adipose tissue, that can 
notify the brain of an accumulation of fat via leptin receptors in the hypothalamus, 
much like insulin receptors. This also suppresses hunger. 


I see. So both insulin and leptin are important proteins for controlling how much we 
want to eat. 
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That’s right. And scientists have done experiments with leptin too—mice with 
deformed leptin genes end up just as tubby as the mice without insulin receptors. 



That’s awful! I wonder why scientists are always picking on mice, anyway... 



If we compare the leptin concentration in the blood of nonobese people versus obese 
people, they both have a valué that is proportional to the amount of fat they carry. 

The amount of leptin created by people who overeat is no different than 
that of people who eat normally. Although the creation of leptin is linked with the 
suppression of eating in nonobese people, this is not the case in obese people. In 
other words, obese people are thought to have a resistance to leptin. 



LEPTIN WORKINO 


LEPTIN NOT WORKINO 

NORMALLY 


NORMALLY 



What a nightmare! If our insulin or leptin is ineffective, we’ll eat and eat, and our 
appetite will never be satisfied... 



There are also a number of other substances that help balance our fat levels and 
appetite, which we’ll talk about next! 
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fxoeee eaoohapipee 3 ecos\e fat/ 


6-0 0355 rry ie the 

PEEULT OF A EIONIPICANT' 
BPEAKPOWN OP THE 
METABOUC HOMEOETATIC*/ 
BALAN C5. 

IT'E A PEEULT 
OF PAT BEINO 
EXÚEEEIVELY 
AÚOJMULATEP. 


4 

Úk i 

kV'.i 

i 

m 


CT 


IN SHORT... 



* HOMBOSTA5& 15 THE MECHANI5M;|N'WHICH:5UB5TANCE5 ARE CONTINUALE/ EXCHANOEP 
WITH THE OUT5IPE WQgLP/tOiKEERIAN:INTEgNÁUl ENVIKONMENT.UNiSH ANÓEP. 




THEPE AI?E TWO MAIN 
WAYE THAT PAT IE 
AC£UMULATEP. 


CD WHEN 
INOEETEP UPIPE 
APE PIPEÚTLY 
AÚOJMULATEP 
AE PAT... 


ANP CZ) WHEN 
EAÚ¿HAPIPEE 
APE ÚONVEPTEP 
TO PAT. 
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FIRST, WE'Ul. TALK 
ABOUT M/EW 
¡N&ESTEP UPIPE 
ARE PIRECTUY 
ACCUMULATBP 



NORMALLY, INSESTEP 
UPIPS ARE SOLUBIUZEP 
IN THE FORM OF 
UPOPROTEINS, AS WE 
UEARNEP EARUER, ANP 
CIRCULATE THROUOH THE 
ENTIRE BOPy WHERE THEy 
UNPERC-O VARIOUE KINPS 
OF REEPIRATION. 




RIOHT, UKE THE SPHERES 
WE SAW WHEN WE TALKEP 
ABOUT CHOUESTEROU 



BUT IF YOU INOEST 
TOO MANY UPIPS... 

THE EXCESE ENPS UP 
STEAPILY ACCUMULATINO 
IN THE UVER OR APIPOSE 
TISSUE IN THE FORM 
OF FAT. 



WHEN WE'RE TAUKINO ABOUT FAT 
ACCUMUUATION, WE HAVE TO TAUK 
ABOUT THE INPISPENSIBUE WORK OF AN 
.ENZYME CALL-EP UPOPROTBIN UPABB.^ 



SIN CE ENZYMES ARE 
VERY IMPORTANT TO 
BIOCHEMISTRY, WE'Ll STUPY 
THEM CAREFULLY LATER' 




OVE R-INOESTEP 
UPIPS 


LIPIPS ANP TRIACYUSLYCEROl, 
THAT WERE TRANSPORTEP IN THE 
BLOOP ARE HYPROLYZEP* BY THIS 
ENZYME TO FORM FATTY ACIP ANP 
OLYCEROL, WHICH ARE THEN TAKEN 
INTO APIPOSE TISSUE. 



112 CHAPTFR 3 


* HyPROLYEIS 15 THE PECOMPOSITION OF A 5UB5TANCE BY AN 
ENZYME USINS WATER. POR PETAILS, 5EE PASE 172. 
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Triacylglycerol ¡s transported ¡n the blood by very low- 
density lipoprotein (VLDL) that was created ¡n the liver and 
by chylomicron that was absorbed and created ¡n the small / BKEAK IT 
intestine. _ f POWN/ 

'f pNZYMÉíj 

Endothelial cells, which Une blood vessels, have an enzyme called 
lipoprotein lipase on their surfaces. When triacylglycerol is trans¬ 
ported through the capillaries in adipose tissue, muscles, and Wr) 
other tissues, it encounters lipoprotein lipase and is hydrolyzed 
into fatty acids and glycerol. 


Those fatty acids and glycerol are captured in adipose tissue. 


The captured fatty acids and glycerol are recombined and stored 
in triacylglycerol. 



ANP WHEN THIS HAPPEN5, 
FAT STEAPILY INÚPEAEEE/ 


































































































































































THERE'5 REAUY NO 
5HORTOJT HERE. A UITTLE 
BAUANÚE ANP MOPERATION 
15 AUL YOU NEEP/ 


























































































NOW LET'S TAKE A 
CLOSER LOOfc AT HOW 
SACCHARIPES TURN 
INTO PAT. 



EACCHARIPEE, WHICH 
ARE AN ENEROY 
EOURCE, ARE 3ROKEN 
POWN VIA ©UYCOUyElE 
INTO PYRUVATE. 


THIE PYRUVATE ENTERE 
THE MITOCHONPRION 
ANP BECOMEE ACETYL- 
Co A. WE'UL ETOP HERE 
POR NOW, OKAY? 


'EACCHARIPE 

JSUUCOSB, 


co* 


FYRUVATE 


ACETYU-úoA 

M 


EJ o 


OXAi.OAúETAT£ 
MALAXA 1 - 1 


FUMARATE 


CITRIC ACIP 
CYCLE 




6IE-AúONfTATE 


IEOCITRATE 


COT IT. 


NORMALIY, ACETYL- 
CoA COMBINES WITH 
OXALOACETATE TO 
BECOME CURATE, BUT... 




COi 

a-mTQ&lWAMTB 


EUCCINYU- 

■ 


InaphI y 





IF TOO MANY SACCHARIPES ARE 
INOESTEP, EXCESE CURATE 
UEAVES THE MITOCHONPRION, 
ENTERE THE CYTOSOU ANP IS 
CONVERTEP TO FATTY ACIP. 
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NOW LET'5 BACKTRACK 

a little anp enlarde the 

AREA FKOM THe L-AET 
PAOE. PALMITIC ACIP 15 5YNTHE5IZEP FROM 
MALONYL-CoA BY 5EVERAL ENZYMATIC 
REACTION5. LET'5 TAKE A LOOK.' 


• REPRESENTE 
THE NUMBER OF 
CARBON ATOME 
OTHER THAN IN Co A 
ANP ACP. 



0 " o 

H?c-c-cHz-c-£AcP 


THEEE SIX 5TEP5 
ARE REPEATEP 
5IX TIMBE. TWO 
CARBON ATOME 
ARE APPEP TO 
THE FATTY ACIP 
CHAIN EACH TIME. 

+ •• »12 


i 


V-3-HyVKOYy&[)TyRYl-ACF 

_J 

HH 

TPAN5-2-BUTPNOYL-ACP 



I 


— CHi-ChU - C /S'ACp 


BUTYfZYL-ACF 



HsC-CHa - CCHOl» - c -¿ACp^ 

SACP 


PAUMITOYt-AúP 


n 


HjC-CHa-CcHO» - C-O-H 



50 WHFN MALONyL-CoA 15 
FOPMFP,* THI5 C/ÚLF KFFP5 
OOINO UNTIL FATTy ACIP 15 
PPOPUÚFP. 


* THF 5YNTHF5I5 OF MALONYL-úoA 15 THF RATE-UMITIN& fZEACTION IN FATTy ACIP 
5YNTHF5I5. IN OTHFR WORP5, THF FORMATION OF NFW FATTy ACIP5 PFPFNP5 ON 
HOW QUICKLY MALONYl-CoA 15 FOPMFP FPOM ACFTYL-CoA. 































































0 WHFN FAT IS ueev AS AN FNFR<3Y SOURÚF 



Okay, now I understand how fat ¡s produced, but what I really want to know ¡s how to 
get rid of the fat l'm producing. 



To lose weight, you just have to steadily use up your stored fat. 

To do this, you need to remember one important thing: When both saccharides 
and lipids are present, the saccharides will be used as an energy source first. 

If you eat foods containing lots of saccharides and lipids, your blood sugar level 
will rise. The saccharides are used first for energy production, and the lipids are 
stored in adipose tissue. 



However, when the saccharides are used up and your blood sugar level decreases, 
the stored lipids will gradually start getting metabolized. So when your hungry 
stomach growls, lipids are actively being consumed. 


AFT8K SAÚ£HAKIP£S AK8 USFP UP... UPIFS AKÉ USFP. 







Hmm, I guess that means l’ve got to exercise for quite a while before those pounds 
start to burn off. 
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Now let’s talk about how fat ¡s metabolized. 

First, the fat in adipose tissue, triacylglycerol, is broken down ¡nto fatty acid 
and glycerol by an enzyme called hydrolase. Hydrolase is a hormone-sensitive 
lipase—note that this is different from a lipoprotein lipase, which we talked about 
on page 112. 



C 


> 


p-OXIPATION 



Fatty acid is released into the 
muscles of the body, where it 
(that’s beta oxidation). 


blood and transported to the various 
undergoes a Chemical reaction called 


organs and 
P -oxidation 



BIOCHEMISTKY IN OUK EVEfcYPAY UVES 114 

















































Um...what ¡n the world ¡s p-oxidation? 



Relax, l’m getting to ¡t! Take a look at this diagram. 


¿YTOPLASM 


MITOúHONPPIA 




Fatty acid becomes acetyl-CoA through p-oxidation. Remember when we talked 
about acetyl-CoA earlier? (See page 115.) 



It’s the stuff that appears in the first step of the citric acid cycle, right? 
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You got ¡t! 

First, the fatty acid is activated by the attachment of CoA. This fatty acid-CoA 
compound is called acyl-CoA. A carnitine is then added to form acyl-carnitine, which 
is shuttled into the cell. It then enters the mitochondrion and is broken down into 
acetyl-CoA. 

Fatty acids are long carbón chains (10+), but acetyl-CoA has only two carbón 
atoms. 

The fatty acid is broken down by (3-oxidation so that one molecule of acetyl-CoA 
(two carbón atoms) is detached each time. The process is called (3-oxidation because 
the CoA is attached to the second-to-last carbón atom of the fatty acid (the (3 carbón). 

Ultimately, all carbón atoms in the fatty acid will become acetyl-CoA. The 
following figure shows the (3-oxidation of palmitic acid, which has 16 carbón atoms. 


PALMITI6 A6IP WITH 16 CAPEON ATOMS 


16 


i 
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i - 

10 
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* 

* 

* 

* 

* 

* 


ACETYL-CoA WITH 
TWO CARBON ATOMS 
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The p-oxidation cycle ¡s repeated seven times to make eight molecules of 
acetyl-CoA! 



Right, and since they’re already in the mitochondrion, they can directly enter the 
citric acid cycle there to create ATP. 



So when you’re burning fat and dieting, this crazy process is breaking down fatty 
acids inside your body. Wow! 



Earlier, I told yon how palmitic acid is produced from malonyl-CoA during fatty acid 
synthesis. When this palmitic acid is broken down, a total of 129 molecules of ATP 
are produced through the TCA cycle and electrón transport chain. 



Wait.Jf I remember correctly, weren’t 38 molecules of ATP the most that could be 
created from 1 molecule of glucose? 129 is an awful lot, isn’t it? 


eivcose 

CSACCHAPIPE) 




PALMITIC ACIP 
CFATTY ACIP5 




729ATP 



Yup, that’s true. Fatty acid is a very efficient storage material. 



Hmmm. That must be why it takes so much energy to burn it away! Biochemically 
speaking, dieting is a lot of work... 
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MYSTEKy 


2 


WHY P O YOU (3AIN WEK3HT IF YOL) OVEPFAT? 


When expended energy ¡s less than ¡ngested energy, 
the body stores the excess ¡ngested energy as fat. 

There are two main ways that fat ¡s formed. 

One ¡s the process ¡n which ¡ngested lipids (that 
¡s, triacylglycerol) are directly accumulated as fat. 
The other converts saccharides ¡nto fat. 

@ Fat ¡s an efficient energy storage material. 








































































































3. What Is Blood Type? 


% BLOOP TYPB 





The third mystery is: What ¡s blood type? 
This should be fun! 


Even if we totally avoid the Science of blood 
types, they can still be an interesting way 
to classify people. For example, in Japan 
it’s common to tell someone’s fortune 
based on their blood type. 


That’s right! A Type A person is often said 
to be calm, composed, and serious. 

Incidentally, I am an unconventional, 
do-it-my-own-way Type B! 

My father is a power-hungry Type 0, and my mother is a sensitive and moody 
Type AB. 




Hmm, that makes sense. Children of parents with Type 0 and Type AB should be 
either Type A or Type B but not Type 0 or Type AB. So if you were to have a sibling, 
he or she would be Type A or Type B. 




If I had a younger brother who was Type A, my family would have people of all four 
blood types. 

But it’s a little strange, isn’t it? Members of one family can have different blood 
types, but people from completely different families can have the same blood type! 
What exactly ¡s blood type, anyway? 
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$ how \e 3UOOP tvpb vaiemiHav? 




Kumi, you’ve probably learned about red blood cells ¡n school, right? 


Yeah! They’re the cells that give blood ¡ts color. They look something like this: 




You got it. Blood type ¡s determined by the type of saccharide molecules that 
protrude from the surface of red blood cells. The surface of many cells, ¡ncluding 
red blood cells, ¡s covered by a sugar coating ( glycocalyx) made up of saccharides. 



Jeez, we’re back to saccharides again? Though I do like the sound of this “sugar 
coating”... 



Remember the lipid bilayer of the cell membrane? Proteins are embedded in various 
spots in that bilayer, and saccharide molecules are often attached to their outer 
surfaces. Collectively, these saccharide molecules make up the cells sugar coating. 
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How strange! They look almost like little sea anemones or something, reaching out 
from the bottom of the ocean. And they’re all over our blood cells? 



5U6AP 

COATINO 



That’s right. There are actually over 100 different antigens that can coat red blood 
cells and be used to classify blood types, so many different blood group systems are 
possible. The most famous is the ABO blood group system, which was discovered in 
1900 by the Austrian ¡mmunologist Karl Landsteiner. 



That’s the system that we use now, right? With Type A, Type B, Type AB, and 
Type 0? 



Right again! The ABO blood group system is based on three types of saccharide 
molecules present on the surface of red blood cells. Each of these has a structure 
called a sugar chain, which consists of several monosaccharides connected together. 



SUOAP 

CHAIN 


THPFF PIFFFPFNT 
SACCHAPIPF 
TYPee MAKF ÜP 
THF SU<3AP CHAIN. 



Three types of “anemones” waving around down there, huh? 
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If we look at the left side of the diagrams below, we can see that the tip for each type 
of sugar chain ¡s different. 


For the sugar chain of Type A blood, the tip is GalNAc. 

-Gal-GlcNAc ■ 


GalNAc 


Fue 


/ PPOTFIN 
"l OP UPIP 


For the sugar chain of Type B blood, the tip is Gal. 

-Gal-GlcNAc- 


Gal 


Fue 


/ PPOTFIN 
"l OP UPIP 


For the sugar chain of Type 0 blood, there is no tip! 

Gal-GlcNAc 

I 

Fue 


/ PPOTFIN 
1 OP UPIP 


pNAMES OF SAÚOHAPIPFS- 

GalNAc 

: A/-acetylgalactosamine 

Gal 

: Galactose 

Fue 

: Fucose 

GlcNAc 

: /V-acetylglucosamine 



Oooh, so that’s where those three types come from! 



That’s right! And people with Type AB blood have sugar chains of both Type A and 
Type B. 



Wow, that’s all there is to it? Differences in sugar chains? How weird... 
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But wa¡t...why does one person become Type A while another becomes Type B? 
What decides which blood type a person will have? 



Well, blood type is determined by a certain gene, and an enzyme is created by that 
gene! (We’ll come back to this later, but you can skip ahead to page 169 for more 
details, if you’d like.) 



Again with the enzymes! You mentioned them when we discussed fat, and now again 
when we’re talking about blood types? They must be really important. 



Definitely. We’ll have to get the professor to tell us more about enzymes when we 
see her again later. 



Yeah! By the way, is it possible that the differences in these sugar chains could 
actually be related to a person’s personality? Can you really tell a person’s fortune 
from their blood type? 



Hmm, good question. I guess if you went out on a limb, you could say that the gene 
that determines blood type might also have some kind of influence on nerve cells. 
But claiming that that might actually influence one’s personality is a pretty big leap 
of logic, and there’s no scientific evidence to support it. 



That’s a relief. I’d hate to think that my entire personality is controlled by a bunch of 
dinky little sugar chains. 



I don’t care what fortune-tellers say—there’s no one in the world with a personality 
like yours, Kumi... 
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My^TEisy 

3 


WHAT 15 BLOOP TYPB? 


@ The four blood types (A, B, AB, and 0) are based on 
the ABO blood group system. 

<§> The ABO blood group system classifies types accord- 
ing to the differences between certain sugar chains 
on the surface of red blood cells. 

@ So far, no real evidence has been found to support 
the ¡dea that the differences ¡n sugar chains affect 
personality, so don’t let those fortune-tellers boss 
you around! 
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4. Why Does Fruit Get Sweeter as It Ripens? 


0 WHAT TVPee OF 5U&AIZ AfZB IN FRUIT? 




Time for the fourth mystery: Why does 
fruit get sweeter as ¡t ripens? 

Speaking of fruit, we just got some 
fresh pears at my house... 

Mmmm, they are ripe, sweet, and 
delicious. 


Actually, that’s true for many different 
kinds of fruit. Mandarín oranges, grapes, 
cantaloupes, and watermelons all get 
tastier as they ripen. 




You’ve got that right. When mandarín oranges are still a little greenish, they can be 
way too acidic, but ripe ones are really sweet. And the melón that you brought over 
earlier was in season and perfectly ripe! 



Yep, but what does “ripe” mean, biochemically speaking? We know that ripe fruit is 
sweeter, but why? 

The reason is that three types of sugars are contained in large quantities in 
fruits and berries: sucrose (table sugar), fructose (fruit sugar), and glucose (grape 
sugar*). 



Weird! I would have expected them to have only fruit sugar. We are talking about 
fruit, after all... 


* Despite the ñame, "grape” sugar ¡s found ¡n many fruits and berries, not just grapes. 
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MONOSACCHAfcIPeS, 0U<305AúúHAPIPE5, ANP POU/SACCHAPIPÉS 



Earlier we said that sucrose, glucose, and fructose all have different structures. 
(See page 63 for details.) 



Right! There are a bunch of different kinds of saccharides, and I love eating all 
of them. 



Well, now it’s time to learn more about those different saccharides! 

The basic unit of saccharides is called a monosaccharide, which is formed by at 
least three carbón atoms connected together. 

Glucose and fructose are monosaccharides that consist of six carbón atoms. If 
two or more monosaccharides are attached, they become an oligosoccharide. 

Although sucrose is an oligosaccharide, since it’s formed by connecting only two 
monosaccharides, it’s called a disaccharide. Here’s what these saccharides look like: 
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Oh, so sucrose ¡s inade up of one glucose and one fructose connected together! 
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That's right! There are also saccharides made of many monosaccharides, which 
form extremely long molecules or complex branching structures. These are called 
polysaccharides. 

Can you think of any polysaccharides that we might be familiar with? 



Oh! We talked about potatoes and rice earlier, and they were chock-full of 
saccharides. So...starch is a polysaccharide, right? 



That’s right. Starch consists of many glucose monosaccharides connected together. 
Plants store glucose in this form after it’s created during photosynthesis. 



[ STARÚH ) 


Our bodies (and those of animáis) also contain a “storage material” like starch. 
It’s called glycogen, and it’s produced mainly by the liver or muscles by connecting 
together excess glucose molecules to store them for later. 



Oh yeah, I remember you mentioning glycogen earlier, but now it actually makes 
sense! 



eivcoez 


GLVCOGBH 



Other types of polysaccharides inelude cellulose and chitin. Cellulose is the main 
component of plant cell walls, and chitin is the main component of the hard shells 
of crustaceans, like shrimp and crabs. Mushrooms also use chitin as a structural 
material. 
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$ HOW FRUITS BFÚOMF SWFFT 



Now, let’s get back to fruit. Fruits, such as mandarín oranges and melons, get 
sweeter and more delicious as they rípen. Why ¡s that? 



Hmm. When I was shoppíng for strawberríes and mandarín oranges at the 
supermarket earlíer, there was a sígn that said, “Sugar Content: 11-12%.” 

I suppose ¡f fruit gets sweeter as it ripens, that just means that the sugar 
content has increased, ríght? Biochemícally speakíng, we must be talkíng about 
a change ¡n the saccharídes. 



You got it. So...let’s talk about saccharídes! 

Take a look at the graphs below. Before they’re rípe, cítrus fruits, such as 
mandarín oranges, contaín roughly an equal amount of glucose, fructose, and 
sucrose. But as they ripen, the relatíve amount of sucrose steadíly increases. In a 
Japanese pear, all three types increase. 


Saccharídes Saccharídes 



Source: Saburo Ito, Editor, Science of Fruit, Asakura Publishing Co., Ltd. (1991) 



When fruit ripens, polysaccharides, like starch, are broken down ¡nto monosaccharides, 
like glucose, and the activity of sucrose-phosphate synthase, an enzyme that synthe- 
sízes sucrose ¡n fruit, increases whíle the activity of invertase, whích breaks down 
sucrose, decreases. 
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Oh...so sucrose-phosphate synthase ¡s what makes sucrose 
glucose O and fructose O 



by combining 




So does that mean that a fruit gets sweeter as more sucrose ¡s produced? 



Well, glucose, fructose, and sucrose are all sweet. Of the three, fructose ¡s the 
sweetest, followed by sucrose, and then glucose. 


FKUCTOSE 

2 




eiucoee 

i 




PE<BREEE OF 
SWEETNES6>, WHEN 
THE EWEETNESE 
OF «BLUCOSE 

\e cone iperep 

JO BE 1. 



Wow! 



So as fructose or sucrose ¡ncreases, the fruit gets sweeter and becomes ripe. For 
example, citrus fruits are best picked in winter, after their sucrose content increases 
and they’re at their most sweet and delicious. For Japanese pears, on the other 
hand, the difference in the amounts of these sugars is more striking; as the fruit 
ripens, the fructose and sucrose both increase suddenly, as polysaccharides are 
broken down. 

Similar to citrus fruits, the sweetness of melons depends mostly on sucrose 
content, and they’ll be most delicious when sucrose levels are highest. 



When you look at the graphs on the previous page, you can see that the fructose or 
sucrose increases, so the fruit gets really sweet in the harvesting season. 
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4 


WHY P oes FKUIT BECOME 5W5FT? 


@ Fruit contain three types of sweet saccharides: 
sucrose, fructose, and glucose. 

@ As fruit ripens, enzymes become active, changing 
the amounts of the three saccharides. 

Fructose and sucrose are sweeter than glucose, so 
fruit becomes sweeter as the amount of fructose or 
sucrose increases! 



FRUIT BFCOMF5 
5WFFTFR ANP MORF 
PFUICIOU5 BFCAU5F 
OF FRUCTOFF ANP 



BUT NOW THAT I KNOW 
WHY FRUIT 15 5WBST, 
I'LL FNJOY SATINÓ IT 
EVSN MORF. 



■ APPITIONAULY, SUBSTAN OES SUOH AS SORBITOU XYLOSE, ANP OROANIO AOIPS ARE A USO REUATEP TO THE SWEETNESS 
OR AOIPITY OF FRUIT. 
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5. Why Are Mochí Ríce Cakes Springy? 


0 Pl FFBR5HCB5 B5TWEEN NORMAL RICB ANP MOúHI RICE 





The final mystery is: Why are mochi rice 
cakes springy? 

I love mochi, so this is my kind of 
mystery. 

First, let’s talk about how mochi is made. 
Did you know that mochi is made from 
special rice, which is springier than nor¬ 
mal rice? 

Of course I know that! I've got serious 
mochi-making experience. I’ve even 
participated in a traditional “mochi- 
pounding” ceremony! 

But what makes mochi rice springier 
than normal rice? 




It’s all because of the structural differences of the starches that make up the rice. 

Rice is 75% starch, so slight variances in its starch composition can seriously 
affect its physical properties. 

As you can see in the figure below, “normal,” non-glutinous rice contains the 
two starches amylose and amylopectin. Amylose makes up about 17 to 221 of the 
starch, and the rest is amylopectin. 


17-22% 100% 

NON-6LUTINOUS ' 

Rice 


mochi Rice 


□ AMYLOSE 

□ AMYLOPECTIN 


COMPOSITION OF THE 
STAPCH CONTAINER IN Rl CE 



However, mochi rice starch only contains amylopectin. 
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Okay, the graph makes perfect sense, but what does that actually mean? 


Just hang on, ¡t should become clear in a second. 

So...amylose and amylopectin are both made up of glucose molecules connected 
together to form polysaccharides. 


eivcoet 


eivcoee ^ 




AMYLOSE STKUúTUKE 


AMYLOPECTIN STPUCTUPE 


In other words, they’re both made up of the same raw materials! 


That’s right. The only real difference ¡s the way that their glucose molecules are 
connected together. 

So the “mystery of springy mochi” is actually the “mystery of monosaccharides 
connecting ¡n different ways to form polysaccharides and oligosaccharides.” I guess 
the ñames not quite as catchy, but it’s still a very interesting subject. 


Aha! So the secret of mochi’s springiness is hidden in how the glucose connects 
together! 
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0 THE PIFFEPENÚE BETWEEN AMYLOEE ANP AMYLOPEÚTIN 



So we know that the difference between these two starches ¡s the way ¡n which their 
glucose molecules are connected. Specifically, the shape of amylose ¡s straight, and 
the shape of amylopectin ¡s branched. 



Straight? Branched? I have no idea what you’re talking about... 



Amylose is formed when glucose molecules are 
method called the a (1^>4) glycosidic bond. 


connected in a straight line via a 



AMYIOSE ] 



Oh, the glucose molecules are lined up in a row. That makes sense. 



However, in amylopectin, there are places where glucose molecules are connected 
via another process called the a(1^6) glycosidic bond. 
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Oh, I see. That bond connects the molecules vertically! That must be what causes 
amylopectin to branch off ¡n different directions. 



You got ¡t, KumL These two types of bonds are what give amylopectin its more 
complex, branched structure and amylose its straightforward, linked structure. 



I totally understand! Man, I thought this stuff was supposed to be difficult. 



Because of this branched structure, when amylopectin is viewed from a distance, it 
has a distinct “fringed” shape. 



mvioee 


Mochi rice, which is mostly made up of amylopectin, becomes very viscous when 
cooked because the branches stick together. In other words, it feels very springy and 
stretchy. 



So since this “fringed” kind of starch is more elastic than the straight kind, mochi 
made with this special rice is springy and delicious! 



By the way, even in normal, non-glutinous rice, the stickiness varíes according to the 
amount of amylose it contains. 
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0 WHAT 170 THE NUM3EKE MEAN IN aC1^4) ANP aC1^6)? 



Since we’ve come this far, let’s take this opportunity to learn what the numbers 
mean in the two types of bonds we discussed: a(l—>4) and a(l—>6). 



Yeah, I was wondering about that, but I was kind of afraid to ask... 



This may seem a little out of the blue, but...do you like baseball? 



Um, I guess so. My dad is a big fan, so I see a lot of games on TV. 



Numbering the bases on the field makes the game much easier to understand, right? 



If they weren’t numbered, it would make describing a game a lot trickier. For 
instance, we’d have to cali third base “the base to the catcher’s left.” And I don’t even 
want to think about how we’d talk about a triple play! 



It would make the announcer’s life difficult, that’s for sure. 



We learned that glucose and fructose have six carbón atoms each, right? 

Numbers have been assigned to each of those atoms just like the bases in 
baseball! 
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Look carefully at the carbón atoms (C) in the following figure. This is the ring structure 
of glucose, and the numbers 1 through 6 have been assigned as shown. 


©CH 2 0H 


H /í 

© 

JZ— (_> 

/ 

o 

i 

|\? H 

H/| 

H0 oí— 

° H 

H 

OH 



Wait, I think I get it! 

The numbers in the a(l—>4) glycosidic bond and the a(l—»6) glycosidic bond 
refer to those numbers! 



Right you are! The a(l—>4) glycosidic bond means that the first carbón of one glucose 
is attached via a glycosidic bond to the fourth carbón of the neighboring glucose.* 



H + ANP OH" PETACH otCI— >4) OUYCOSIPIC BONP 

ANP COMBINE TO 


FOKM H z O. 



Okay, so the a(l—»6) glycosidic bond means that the first carbón of one glucose is 
attached to the sixth carbón of the next glucose in exactly the same way, right? 



Yup, but when the carbón atoms at the first and sixth positions are attached, the 
glucose molecules can’t be side-by-side in a straight line. 


* The glucose molecules are slmpllfied throughout thls sectlon ¡n order to hlghlight the relevant bonds. 
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Oh! So that’s why a branch happens at that point, and that’s what makes ¡t springy. 
We’re really getting to the bottom of thíngs! S 



By the way, there’s another type of bond that connects carbons ¡n glucose. It’s called 
the pCZ —glycosidic bond. 



Beta? What’s the difference? 



Beta means no starch! When glucose molecules are connected vía p(l—>4) glycosidic 
bonds, the polysaccharide cellulose is formed rather than starch. This is the main 
component for creating cell walls in plants, and it’s also a type of dietary fiber. 



Oh yeah! I read about dietary fiber in the latest issue of Dieter’s Digest. It’s difficult to 
digest, so it just passes right through the body. Heh heh. 



That’s correct. But dietary fiber also ineludes substances that easily dissolve in water, 
such as hemicellulose or pectin, and these are easily digested. 



Weird! Are they energy sources for us too? 
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They are, but let’s get back to cellulose, okay? There’s an enzyme contained ¡n our 
saliva called a-amylase, which can break down starches, like rice, into pieces, but 
a-amylase cannot break down cellulose. 


Why not? 


Well, look at the p(l—>4) glycosidic bond shown in the following figure. 




Hey, the parts that are connected are different, aren’t they? They have a strange 
shape, almost like the letter N. 




The p(l—>4) glycosidic bond differs from the a(l—>4) glycosidic bond in that the 
positions of the hydrogen atom (H) and the hydroxyl group (OH) are flipped around 
their carbón. This creates a bond that is N-shaped rather than U-shaped, like the 
a(l—>4) glycosidic bond. 


Yeah, no offense to the p type, but its connection seems twisted and totally weird! 





The Greek letters a and p represent the position of the hydroxyl group (OH) on carbón 
1. When OH is on the bottom, as shown on the left in the above figure, it is the a type. 
When it’s at the top, it is the p type. 
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Because of this difference ¡n structure, a-amylase, which can break down a(l—>4) 
glycosidic bonds, ¡s unable to break down p(l—>4) glycosidic bonds. 

. roOOOO 1T5T 

.OOOOO s=s 

THIS vomi 



Wow! That twisted connection really makes a big difference! 



So cellulose, which is formed by p(l—>4) glycosidic bonds, is not broken down in 
our digestive system. This makes it very effective as dietary fiber. lt...you know... 
keeps you regular. 

Well. Moving right along! Remember when we were talking about sucrose in fruit? 
We discovered that sucrose is made up of one glucose and one fructose connected 
together. The carbón at position 1 of glucose is connected to the carbón at position 2 
of fructose, as you can see below. 




I get it! So sucrose is formed with an a(l—>2) glycosidic bond, right? 



Exactly! And now that you know how individual monosaccharides are connected 
together, you should have a much better understanding of why these substances 
have their unique physical properties. 
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MY5T5KY 

5 


WHY APE MOCHI PlCE CAKES SPPINOY? 


@ The secret of why mochi rice cakes are springy is in 
the structure of the starch in mochi rice. 

@ The starch of mochi rice contains only amylopectin 
and does not contain any amylose. 

@ Since amylopectin uses a connection method called 
the a(l—>6) glycosidic bond, it is a large, branched 
polysaccharide. It becomes springy because of this 
branched structure. S 
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VO YOD PEMEMBEP 
WHEN WE TALKEP 
AEOUT PPOTEIN 
SYNTHEEIE IN OUP 
VEPY FIPET LEEEON? 


@ ppOTElN EVNTHEEIE 

(g METAEOUENV 
(J) ppopuctiow/ 

PH0T06VHTHE6I6 


YEAH/ 



PPOTEINS HAVE VEPY 
IMPORTANT ROLES IN 
KEEPINO OUR CELLS 
ALIVE. 


o 


/ WHATIMPORTANT \ 

ROLES PO PROTEINS / lf CL) 

\ PUAY IN OUR BOPIES? / * C\ 

\. */ ZQUEAK | 

5QUEAK 

f LET'S LIST THE A 
\ V MAJOR ONES. J 




MAIN ROLES OF PROTEINS 

® Build, repair, and move body tissues 
© Organize the form of cells and regúlate cell movement 
® Create and support the structures between cells, such 
as collagen 

© Exchange ¡nformation between the interior and exterior 
of cells 

© Advance Chemical reactions 
© Protect the body by attacking foreign invaders 
® Transport substances like oxygen, which is carried 
through the blood by hemoglobin 


ANP THEEE ARE JUET 
THE MAIN POUEE/ 
PPOTEINE HAVE MANY 
OTHEP POUEE, TOO. 


HUMAN BOPIEE APE THOUOHT 
TO OONTAIN A MINIMUM OF 
20,000 TYPEE OF PPOTEINE ANP 
POEEIBUY AE MANY AE 200,000/ 
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FOR NOW, LET'S FOOJS 


ON ©. WITHIN THE ENORMOUE ' 


\ 

NUMBER OF PROTEINE IN OUR 

^píA^l 


BOPIES, A EURPRIEINOLY LAROE 



PERÚENTAOE OF TH EM ARE 

ttLJKl 


UEEP TO APVANÚE ÚHEMIÚAU 



REACTIONE. 



IN OTHER WORP5, APVANCINO CHEMICAL 
REACTIONE IE ONE OF THE MOET 
IMPORTANT JO BE THAT FROTE!NE HAVE. 
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JUMPING RIOHT 
INTO THE ENZYME 
PISCUSSION 
MIOHT BE BITINO 
OFF MORE THAN 
WE CAN CHEW, 
SO LET'S START 
SMALl ANP 
LEARN ABOUT THE 
BTRUCTURB OF 
PROTBINB. 



IT'S PERIVEP FROM 
THE CREEK WORP 
"PROTEIOS," WHICH 
MEANS "FIRST PLACE" 
OR "LEAPINO PERSON " 




IN OTHER 
WORPS, YOU 
CAN TELL HOW 
IMPORTANT 
PROTEINS ARE 
JUST FROM 
THE ÑAME/ 
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PROTEIN5 ARE FORMEC? BY 
CONNECTINO TOOETHER MANY 
RELATIVELY EMALL MOLECULE5 
CALLEE? /Wí/MO /)C/^5. 



AMINO 

ACIPS 


ONE AMINO ACIC? HAS 
TWO ARMS 



HEY, I REMEMBER 
THOSEÍ THEY LOOK 
LIKE BEAE?S STRUNO 
TOOETHER. 



comea 



PROTEIN 




AMINO ACIE?S ARE 
CONNECTEE? LIKE THIS. 

THIE IS CALLEE? A 
PEPT/PE EONP. CFOR 
MORE PETAILE, SEE 
PAOE IES.) 


rioht/ AMINO 
ACIPE ARE 
THE BUILPINO 
BLOCKE OF 
PROTEINE. 


► 


MANY TYPEE 
OF AMINO 
ACIPE EXIET 
IN THE REAL 
WORLP, EUT... 


O 

Glydne 

• 

Alanine 

o 

Valine 

o 

Leucine 

Q 

Isoleucine 

0? 

Methionine 

o 

Proline 

Pherí^lanine 

■ 

Tryptophan 

o 

Serme 

0 

Threonine 

□ 

Asparagine 

o 

Glutamme 

Tyrosine 

E\ 

Cysteine 

k 

Lysine 

Arqinine 

□ 

Histidine 

o 

Aspartic acid 

A 

Glutamic acid 


...ONU/ 20 T/PEE OF 
AMINO ACIPE HAVE 
BEEN PETERMINEP TO 
BE USEP IN PROTEINS. 
































































































































































































































































AMINO AúlPS 
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< Hey, RBLAX! yon 

\ PON'T HAVB JO 

\ MBMORIZB TH5M 
\AURI0 HT AWAY! 



THE TYPEE OF PPOTEINB THAT CAN BE 
CPEATEP APE PETEPMINEP EOUEUY 
BY THEEE ZO AMINO ACIPE. 



LST'e TAKB A 
CLoeeiz look! 









































































































































































% PRIMARY ZTfZUCTUfZB OF A PROTEIN 


First, a long armiño acid chain is formed by connecting amino acids one at a time with 
peptide bonds. Remember earlier when we said that amino acids are joined together via 
Chemical reactions to form proteins? This Chemical reaction, which creates the peptide 
bonds, is called the peptidyl transfer. 

This reaction occurs inside ribosomes, which are protein synthesis apparatuses con- 
tained in the cytoplasm and attached to the rough endoplasmic reticulum. We'll talk more 
about ribosomes in Chapter 5. 

The long amino acid chain connected together by peptide bonds is called a polypeptide 
chain. This amino acid string is called the primary structure of the protein. 


AMINO ACIP FOiyPBFTWe CHAIN 


HzN - - - -ooooooooooo ■ ■ ■■- COOH 


-m-\- 





IN ON THE PROCESE 


IN WHICH AMINO ACIPS ARE 
CONNECTEP BY PEPTIPE BONPS! 


O 


o 


H 


o 




-► 

SYNTHESIZEP AMINO 
ACIP CHAIN 


HiO 



0 0 o 



PEPTIPE 

BONP 


PRIMARY ¿TRUCTURE 
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% ¿ecoNPAisy structure of a protein 

Each of the 20 armiño acids has a characteristic part (indicated by [R] on page 155) that is 
unique. This is called the side chain. 

Since a nurmber of difference forces can act on these side chains, such as hydrogen 
bonds and hydrophobic and electrostatic interactions, neighboring amino acids are attracted 
to or repelled by each other in particular ways, which results in a characteristic, local three- 
dimensional structure. This is called the secondary structure of the protein. 

There are a nurmber of different secondary structures, such as an a-helix, in which 
a part of the polypeptide chain forms a spiral, and a (3-sheet, which takes a folded planar 
shape. 



'- 

PRIMARY STRUCTURE 


a-HEUX P-5HEET 



SECONPARY STRUCTURE 


ENZYMES ARE THE K.EY5 T O CHEMICAL- REACTIONE 15q 










0 TEPTIApy ZTRUÚTURB OF A PKOTEIN 


Even when the polypeptide chain takes its secondary structure, its not yet a fully folded, 
functional protein. 

To become functional, the polypeptide chain has to take on a specific three-dimensional 
shape, which is determined by the interactions of the amino acid side chains. This shape is 
called the tertiary structure of the protein. 

For example, myoglobin, which is shown in the following figure, is a type of protein that 
exists in the muscles of animáis. This protein is formed from eight a-helices surrounding an 
iron-containing heme, which binds oxygen. 


H3M3 



MY06L03IN CONSISTS OF TH3 3K3HT a-HEU Ctt 
INPIÚAT3P 3Y TH3 U3T TBR5 A THKOU(3H H. 


T3RTIARY STKUÚTUK3 


160 ¿HAPTEP4 






QUATEPNAPy ZTfZUCTUfZB OF A PPOT&IN ANP SUBUNITS 


Many proteins are able to opérate as a protein or as an enzyme at the tertiary structure 
stage. However, some proteins create an aggregation in which múltiple polypeptide chains 
that have taken tertiary structures are assembled together into a large functional unit. 

For example, our red blood cells contain many iron-binding proteins called hemoglobin, 
which are used to transport oxygen. Hemoglobin is formed by assembling four polypep¬ 
tide chains called globin (two each of two types, a and (3, which are indicated below as a v 
a 2 , (3 1 , and (3 2 ). An enzyme such as RNA polymerase II, which creates RNA in our cells, is 
formed by assembling 12 polypeptide chains. 

This State is called the quaternary structure, and each of the polypeptide chains used 
to create the quaternary structure is called a subunit. 



SINOS THS SU3UNITS OF HSM06L03IN APS VSPY SIMILAP IN 
STPUOTUPS TO TH053 IN MY06L03IN, HSM06L03IN IN THIS FI6UPS 
HAS 3SSN PPAWN WITH THS SAMS STPU6TUPS AS ON PAOS 160. 
HOWSVSP, THS STPUOTUPSS APS AOTUALLY SOMSWHAT PIFFSPSNT. 


QUATSPNAPY STPUOTUPS 
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2. An Enzyme's Job 






0 





EUBETRATE 


ENZYME-5UE5ETRATE 

COMPLEX 


“f" ^11 


ANOTH3K 

SU3STANÚ3 


0 ^ 

ÚOMPUEX ÚANNOT 
BE FORMEP 


REACTION 

PROPUCT 


REACTION POEE 
NOT OÚOJR 


THE "PARTNER 5UB5TANCE" THAT 
AN ENZYME WORK5 WITH 15 
¿ALIEP THE 5UB5TRATE. 

THE FAÚT THAT THE 5UB5TRATE 15 
PETERMINEP BY THE ENZYME 15 
ÚALLEP 5UB5TRATE EPECIFICITY. 
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FOR THE 
orAMYLAEE IN 
OUR 5AUVA... 


...THE 5UB5TRATE 1$ 
5TAR0H, ANP THE REAOTION 
PROPU6T CTHAT 15, THE 
MATERIAL- PROPUCEP WHEN 
5TAR0H 15 BROKEN POWN 
BY «-AMYLA5E) 15 A TYPE 
OF 5AC0HARIPE. 


PEPENPINO ON THE 
NUMBER OF 6LU0O5E 
MOUEOUUE5 IT CONTAIN5, 
THI5 5A00HARIPE 15 
KNOWN A5 

"MAUT05E," 
"MAUT0TRI05E," 
"UIMIT PEXTRIN," 
OR A NUMBER OF 
_ OTHER NAME5. 

QQO - 



® IT UOOK5 50METHIN0 
UKE THI5: 



5CI550R5/ 


o-AMYUAEE 
0UT5 UP 
5TAR0H INTO 
PIEÚE5? 





ENZYME 



U-AMYUA5E 


orAMYLAEE 



f \H\5HSPj; 1 ' - 



ETARCH 



ENZYME- 
5UB5TRATE 
OOMPUEX 


ENZYME 


/"•Yi;| 

eHzvwf 


ENZYM6 

UTnJ 


enzyme 

Loj 



MY WAY OR 
JHE HIOHWAYJ 



FOR 50ME ENZYME5, 
THE 5UB5TRATE5 ARE 
PETERMINEP VERY 
5TRICTLY 


5TRI0T 

ENZYME 


RBACTION \ 
PROPUCTS-. 

MAUT05E, 
MAUT0TRI05E, 
UIMIT PEXTRIN, 
ANP 50 ON... 


0THER5 HAVE BROAPER 
5UE5TRATE 5PE0IFI0ITIE5, 
50 THEY'RE MORE UAIP 
,EAOK ABOUT THE MATERIAU5 
THEY'UL INTERAOT WITH. 


REUAXEP 

ENZYME 


WHATEVER,y>! 
MAN/ 


IET'5 TAKE A 
0UO5ER UOOK 
AT THE5E 
l TWO TYPE5. , 









































































































































































BTfZICT BNZYMB? RBLAXBP BNZYMB? 


CVAECfC/ 

5 



Some enzymes are “strict,” which means they only act on very specific substrates. 
Other enzymes are more “relaxed” and act on a broad range of substrates. 



Strict and relaxed? Sounds like the difference between my mom and my dad... 



There are enzymes that can act on substances that are similar or closely related 
to their substrates. Many examples of these enzymes are seen in the digestive 
system—for example, the protein catabolism enzymes. 



Remember, there are a huge number of different proteins. If enzymes were too 
specific, there would have to be a sepárate enzyme to break down every single 
kind of protein! Things would get pretty unwieldy. 




Since proteins are so complex, the enzymes that break them down had to become a 
bit more flexible. 



That’s right! Protein catabolism enzymes (the enzymes that break down proteins) 
often have a certain degree of leeway in the substrates they can interact with. 
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For example, one of the protein catabolismo enzymes secreted from the páncreas, 
carboxypeptidase, detaches amino acids sequentially from the end of a protein. 

Carboxypeptidase comes in various types, including A, B, C, and Y. Carboxypepti¬ 
dase A, for example, can detach almost any amino acid from the C-terminal end of a 
protein, but it doesn’t work well on amino acids with bulky or aromatic R-groups, like 
arginine, lysine, and proline. 


FFOUHB 


N-TEKMINAU 


-COOH 
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AK(3ININE 
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FFOllHB 


/ Vil VBVKCW 
/ ANYTHIN(3 OlViBF 
' THAN AKC3ININÉ, 

\ LYBINB, OF 
V FFOUHB. 


C- TERMINAL. 


¡ RBLAAAAXBP 
CAZ&OM- 

peprmse a 


There are 20 types of amino acids that make up proteins, right? So even though 
carboxypeptidase A can’t deal with arginine, lysine, and proline, there are still 17 
types it can deal with. It seems pretty flexible! 


That’s right. It has some serious leeway in the substrates it can interact with. 

However, there are also some “strict” protein catabolism enzymes. For example, 
trypsin cuts only through the C-terminal side of arginine and lysine. 


AROININE LYSINE 


HiN I o— COOH 

t t 

C-TERMINAL El PE C-TERMINAL SIPE 
OF AROININE OF LYSINE 



5TRICT! 


TRYPSIN 


|yyfe*<?C00H 
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eNZYME OLAEEIFlúATIONE 


ALTHOUOH OUR BOPIEE CONTAIN 
A HUOE VARIETY OF ENZYMEE, 


THEY CAN BE PIVIPEP INTO A 
EMALIER NUMBER OF OENERAI, 
OROUPE BAEEP ON EHAREP 
CHARACTERIETICE. 



ENZYMEE ARE 
CUAEEIFIEP BY THEIR 
PIFFERENT TYPEE OF 
CATALYTIC REACTIONE. 


they ARE PIVIPEP 
INTO EIX MAJOR 
(3ROUPE. 




EACH ENZYME IE AEEIONEP A NUMBER CALIEP 
THE BC NUMBBR (JBNZYMB COMMIBBION 
NUM3EX)? WHICH LOOKE UKE THIE: 


EC A.B.C.P CWHERE A 0, C, 
ANP P ARE NUMEERE) 



FIUL IN THE 
NUMEERE HERE. 


a is 1 to 6 since it represents six 
major groups. 

b and c represent the reaction 
patterns of each group in more 
detail. 

d is an enzyme-specific number. 


.b. c.d 


BY THB WAY, 
ec NUM3BPS 
APB THB SAMB 
WOPLPWIPB. 


<3POUP 
NUM3BP 
C1 TO 60 


PBACTION CHAPA£T£PISTI¿ 

PATTBPNS IN NUM3BP 

MOPB PBTAIL 



* A NBWLY Pl5COVBKBP BNZYMB 15 A55IONBP AN B£ NUMBBfc ANP 5Y5TBM NAMB A5 WBUL A5 A KBCOMMBNPBP NAMB 
ACCOfcPINO TO 5TANPAKP5 PBTBfcMINBP BY THB BNZYMB ÚOMMI55ION OF THB INTBfcNATIONAL UNION OF BIOCHBMI5TKY 
ANP MOUBúULAfc BIOUOOY CIUBMB). 
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TPAN5FFPA5F 15 THF 6FNFPI C 
NAMF FOP FNZYMF5 THAT 
TPAN5FFP A 5PFCIFIC CLUMP 
OF ATOM5 CFÜNCTIONAU éPOUP) 
T O A ¿HFMICAL COMPOUNP 
OTHFP THAN WATFP. 


r 



TRANSFERA5E 


ZPeCIAL 

PEUV5RY! 




FOR EXAMPLE, THI5 
THYMIPYLATE 5YNTHA5E 
CEC 2.1.1.45) 15 A 
TRAN5FERA5E: 



H.N. 


REPRE5ENTEP 5Y £¿T Z.X.X.X 


^ 5,10-METHYLENE TETRA HYPROFOLATE 




IMPOfZTANT! 


THE M5THYU (3ROUP 
C-CH 3 ) THAT WA5 TAKEN 
PROM A 5UE5TANCE 
CALIEP 5 , 10 -MBTHYLBNB 
TBTfZAHYPROFOLATB 15 
ATTACHEP T O LIRACIL, 
CHAN<3IN<3 IT INTO THYMINE, 


URAÚIL. ANP THYMINE ARE 
IN6REPIENT5 OF NUCLEIÚ 
AúlP, 5UT WE'UL (3ET 
TO TH05E UATER C5EE 
¿HAPTER 5). 


I 5EE. 
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<5U)coeviTKMeFeK/\ee vejem\He5 bioov tvfb 


Remember when we solved the blood type mystery (¡n Chapter 3)? 

When we were trying to figure out what determines blood type, we discovered 
that it was the work of an enzyme. 


I remember! 

The ABO blood group system is classified according to the differences between 
the “sugar chains” on the surface of red blood cells. A sugar chain is a collection of 
monosaccharides connected together! 


And the differences between those chains are the monosaccharides at the tips, right? 


Yeah! For people with Type A blood, that monosaccharide is A/-acetylgalactosamine 
(GalNAc); for people with Type B blood, it’s galactose (Gal); and for people with Type 
0 blood, there is no monosaccharide at the tip. 

(After writing such a detailed report for the professor, l’ll probably remember 
that for the rest of my life...) 


That’s correct. The particular monosaccharide that’s attached to the tip of a sugar 
chain (or the lack of one) is determined by a certain gene. 

Genes are like the “blueprints” for proteins. (Remember: An enzyme is a type of 
protein.) 

So what really determines blood type is the gene that creates glycosyltransferase, 
which is the enzyme that attaches a particular monosaccharide to the tip of a sugar 
chain found on the surface of the red blood cell. 


So glycosyltransferase attaches a certain monosaccharide, and the type of that 
monosaccharide determines blood type? 


That’s right. Look again at the structure of the sugar chain of each blood type. 
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For the sugar chain of people with Type A blood, 
the tip ¡s GalNAc. 


GalNAc 


Gal 


GlcNAc 


Fue 


/ PPOTEIN 
"l OP UPIP 


For the sugar chain of people with Type B blood, 
the tip is Gal. 


Gal 


Gal 


GlcNAc 


Fue 


/ PPOTEIN 
"l OP UPIP 


For the sugar chain of people with Type 0 blood, 
there is no tip. 

Gal-GlcNAc 

Fue 

r MONO6>Aú0HAPIP£ NIAM£5 — 

GalNAc : A/-acetylgalactosamine 
Gal : Galactose 
Fue : Fucose 
GlcNAc : /V-acetylglucosamine 


/ PPOTEIN 
1 OP UPIP 




Let’s review it again. The only difference in these three types is the monosaccharide 
at the very tip. 

For people with Type A blood, it’s A/-acetylgalactosam¡ne. 

For people with Type B blood, it’s galactose. 

For people with Type 0 blood, it’s nothing! 


Yeah, yeah, l’ve got it. 



So, the sugar chain that Type 0 people have is the “prototype,” or the minimal sugar 
chain. People with A and B types have the 0 type chain plus something extra. 

If someone has the transferase gene that attaches A/-acetylgalactosamine, 
his or her blood type will be Type A! But if someone has the transferase gene that 
attaches galactose, his or her blood type will be Type B! 
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That all makes sense, but I still don’t quite understand what’s going on with people 
with Type 0 blood. Why don’t they get monosaccharides on the end of their sugar 
chains? Seems unfair! 



Type 0 people also have the genes associated with glycosyltransferases, but since 
there is no enzyme activity for the proteins created by those genes, no saccharide is 
attached at the tips. The activity may have been lost because of a genetic mutation 
during the evolutionary process. 



A mutation? Cool! 



So to wrap it all up: The ABO blood group system is nothing but the result of 
differences in glycosyltransferase genes. 



Nemoto, you must have a genetic mutation that gives you an oversized brain. How 
else could you possibly know so much?! 



Gyuh... 
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PFMFM3FP, A WATFP 
MOLFOULF 15 MAPF UP OF 
TWO HYPPOOFN5 ANP ONF 

oxyofn: h 2 o. 

' / 




IF YOU THINK OF THF\ 

ifflll^Y IVe UIKE BRFAKINO A 

/ PARTS OF A SUBSTRATO AS \ /WÍUB 

Üa^tfsJ r I \ UP A FIOHT/ J 

f TWO PFOPLE HOLPINO HANPS/ \ 

A HyPROUASF SSPARATSS THBM ) f\TT ' - 'Wm' 


OP 5FPAPATINO 
TWO PFOPLF IN 
LOVF... 


ilIB 


3Y MAKINO ONF HOU? H ANP 
THF OTHFP H OlV OH. 

HYPPOLA5F 15 WHAT 3PFAK5 
POWN THF COmOH ¿UPPFNO/ 
OF FNFPOY CATP)/ 


(X-AMYLA5F, WHIOH 3PFAK5 
POWN 5TAP0H, ANP PFP5IN, 
WHIOH 3PFAK5 POWN 
PPOTFIN... 
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euu cosz 


afl— >4) eViCOSWXC BONP 



ch^oh . ch^oh 



-OH 

.OH 

j/U 

H 

OH 


tF 

-OH 

.OH 

jpLo 

H 

OH 


(5UJC05B 


GLU0O5B 


6TARCH 15 C0MP05EP 
OF 0LUC05E UNIT5 

comecrev tooether in 

A FORM CALLFP A a¿7—>4P 
&LYCOBIPIC BONP. 




5TARCH 15 PIVIPEP INTO PIECE5 EY 
ot-AMYLA5E. THE aC1^4) 0LYC05IPIC 
EONP5 ARE RANPOMLY CUT VIA A 
METHOP CALIEP HYPROLY5&. 


afl—>4) OLYCOSIPIC BONP 


) starch] 


IT'5 CHOPPEP INTO PIECE5 
TO MAKE 5ACCHARIPE5 OF 
PIFFERENT LENOTH5/ 


OO- 

-OO ^oo- 

oca 



RANPOMLY OJT6> 
>4) OLYCOSIPIO 
BONP5 


TH/5 /$ <%i: * 
HYPROLysiS' 


NOW LET'5 LOOfc CL05ER 
AT THE CHEMICAL REACTION 
OF HYPROLY5I5. 



—Ov H 


1 —O— 1 

aCI—>4) OLYCOSIPIC BONP 



L 


a-AMYLASB 


+ ;H*o) 



\i H 


H 



y OíH H p; 

BROKEN APART USINO 
H ANP OH 



YOU CAN 5EE HERE 
THAT THE HYPROLA5E 
a-AMYLAEE U5E5 ONE 
WATER MOLECULE 
TO EREAK A EONP IN 
THE 5TARCH. 


MY 5PIT 15 
POWERFUL 
5TUFF... 





































































3. Usíng Graphs to Understand Enzymes 


























































































































































$ WHY A RB ENZYME5 IMPORTANT FOR CHEMICAL REACTIONS? 


A substance that expedites a Chemical reaction is called a catalyst. An enzyme, which is a 
type of catalyst, is also known as a biological catalyst 

Although an enzyme is required to make a Chemical reaction advance efficiently, it is 
not neccesarily required for the Chemical reaction to occur. 

Most Chemical reactions in the body will occur eventually even without enzymes, but 
many would take an overwhelmingly long time. Complex Chemical reactions, like glycolysis, 
may never reach completion without a catalyst. 

Enzymes are important because, for an organism that must maintain specific condi- 
tions and produce energy to stay alive, the Chemical reactions that occur inside its body 
must be as efficient as possible. For living organisms as a whole, it would be disastrous if 
reactions took too long. 


IF THFPF WFPF 
NO FNZYMFS... 


BUT 3F0AUSF 
FNZYMFS FXIST... 



THFPF WOUU7 3F NO UFF 
AS WF KNOW IT/ 


FVFPT/ONF'S AUIVF 
ANP HAPPY/ 


Now we’ll use some simple graphs and formulas to study the essential qualities of 
Chemical reactions that rely on enzymes, and we’ll learn why enzymes are so meaningful 
to those reactions. 
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WHAT 15 ACTIVATION FNEPOY? 



A FIXEP AMOUNT OF ENEPOY 15 PEQUIPEP FOP A 
CHEMICAL PEACTION T O PKOCBt P 5MOOTHLY. THI5 
15 CALLEP ACTIVATION BNBR&Y. 


TAKE A LOOfc AT THI5 (3PAPH, WHICH 
5HOW5 THE PPOOPE55 OF AN 
INPIVIPUAL CHEMICAL PEACTION. 


A = 5UB5TRATE 
3 = REACTION PROPUCT 




HERE, CHEMICAL 
5UB5TRATE, SUBSTRATO A, 
15 TRAN5FORMEP VIA 
A CHEMICAL. REACTION 
TO PROPUCE REACTION 
PROPUCT B. 


POR THE REACTION TO PROPUCE B 
FROM A, THE ACTIVATION ENEROY 
HA5 TO BE APPEP TO THE MIX. 


5INCE A ANP B APE 
PIFFEPENT 5UB5TANCE5, 
THEY HAVE PIFFEPENT 
AMOUNT5 OF ENEPOY. 



LOOK AT THE ENEPOY 
VALUE5 OF A ANP 8/ 


THE ACTIVATION ENEROY 
POE5 NOT AFFECT THE 
PIFFEPENCE BETWEEN THE 
ENEROY VALUE5 OF A ANP B. 


IT'5 ALM05T UKE THE 
5UB5TRATE HA5 TO CLIMB 
OVEP A REALLY HIOH WALL 
TO E5CAPE IMPRI50NMENT 
ANP TPAN5FOPM INTO THE 
REACTION PROPUCT. 



THE HIOHE5T PART OF 
THI5 WALL 15 CALLEP THE 
ACTIVATION BARRIBR OR 
BNBROY BARRIBR. 
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SO WHAT APVANTAOE 

vo vou supposb 

THERE IS... 

POR AN ENZYME TO 
PARTICIPATE IN THIS 
KINP OF CHEMICAL- 
REACTION? 


I OUEEE IT'E LIKE... 
AN ENZYME LOWERE 
THE WALL TO MAfcE THE 
CLIMB EAEIER. 


ON A BASIC LEVEL, THAT'S EXACTLY 
RIOHT/ FOR EXAMPLE, LET'S IMAOINE 
YOU'RE A SUBSTRATE, K.UMI. 

TO REACH YOUR PESTINATION 
ANP TRANSFORM INTO A REACTION 
PROPUCT, YOU NEEP TO LEAP OVER 
AN INTIMIPATINO SIX-FOOT WALL, 
BUT THAT'S JUST TOO HIOH/ 




THEN ALONO COMES MR. ENZYME, 
WHO SMASHES THE WALL POWN 
TO SIZE. NOW THE SIX-FOOT 
WALL IS A TWO-FOOT WALL, ANP 
YOU HOP OVER WITHOUT A CARE 
IN THE WORLP. (SET IT? 


NO ENZYME 


ex 

lU 

z 

lU 

IU 

O 


O 

£ 

<c 



WITH 

ENZYME 


REACTION PROCREES 


THIE ORAPH SUMMARIZES 
THINOE NICELY. AE YOU 
CAN EEE, IF THE ENZYME 
IE PREEENT, THE CHEMICAL 
REACTION OCCURE MORE 
EAEILY, EECAUEE THE 
ACTIVATION ENEROY IE 
LOWEREP. 



THERE ARE ALEO 
CHEMICAL REACTIONE 
IN WHICH THE ENZYME 
CHANCES THE MECHANIEM 
OF THE REACTION. 


BUT FOR THE PURPOEE 
OF THIE PIECUEEION— 



I (SET THE 
JOB PONE/ 


...WE WILL AEEUME 
THAT THE PREEENCE OF THE 
ENZYME ONLY LOWERE 
THE ACTIVATION ENEROY 
OF THE CHEMICAL REACTION. 











































































THE MAXIMUM REACTION RATE 15 THE 
5PEE? OF THE REACTION WHEN EACH 
OF THE ENZYME5 IN THE PEACTION 
50UUTI0N 15 COMBINE? WITH A 
5UB5TKATE. IN OTHER WOR?5, IT'5 
THE REACTION'5 5PEE? WHEN ALL OF 
THE ENZYME5 ARE WOPKINO. 


THI5 15 PEPRE5ENTE? 



‘ THE V 5TANP5 FOR "VELOClTy," WHIÚH 15 JU5T 
ANOTHER WORP FOR "RATB." 
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IF APPITIONAL BROOM5 ARRIVF^ 
AT A PLAOF WHFRF THFRF ARF 
NOT FNOUOH BROOM5 ANP 
50MF PFOPLF ARF 5TANPINO 
AROUNP BORFP... 



...lfaf clfanino will fpffp ü?, 

51NCF TH05F PFOPLF WILL AL50 
BF ABLF TO HFLP OUT, RIOHT? 


BUT IF FVFRYONF 15 ALRFAPY 
5WFEPINO WITH A BROOM, LFAF 
CLFANINO WOULP NOT 5PFFP 
UP NO MATTFR HOW MANY, 
NFW BROOM5 ARRIVF. 

PO YOU 5FF THF 
CONNFOTION? 




IF 50MF NFW 5UB5TRATF 15 APPFP 
WHFN THFRF ARF FNZYMF5 JU5T 
HANOINO AROUNP POINO NOTHINO, 
THF FNTIRF RFACTION WILL 5PFFP UP 
BFCAU5F TH05F FNZYMF MOLFCULF5 
WIUL BFOIN TO WORK. 



( 50 IF YOU THINK OF THE BROOM5 A5 THE 

5UB5TRATE ANP THE PEOPLE A5 THE ENZYME, 
THEN YOU CAN 5EE WHAT WE MEAN BY 
THE 5UB5TRATE CONCENTRA TION. 

HERE, 5UB5TRATE CONCENTRARON 
15 THE X-AXI5, ANP THE NUMBER OF 
ENZYME5 15 FIXEP CPOE5NT CHANOE). 



HOWFVFR, IF ALL OF THF FNZYMF5 
ARF ALRFAPY WORKINO, THF 
RFACTION WIUL NOT 5PFFP UP FVFN IF 
THFRF 15 NFW 5UB5TRATF APPFP. 



YOU CAN 5EE THE V MAX LINE, WHICH 15 THE FA5TE5T 
RATE AT WHICH THE REACTION CAN TAKE PLACE. 

NOTICE THAT WHEN THE RATE REACHE5 THI5 LINE, THE 
5UB5TRATE CONCENTRATION CAN <2>ET HIOHER ANP 
HIOHER WITHOUT AFFECTINO THE REACTION RATE. 


WILL NOT INCREA5E 
ABOVE THI5 


MAXIMUM RFAOTION 
RATF Vmax 


5UB5TRATF CONCENTRARON <j¡>) 











































































































THE MICHAELI5-MENTEN EQUATION 
ANP THE MICHAELI5 CON5TANT 


IN 1413/ TWO BIOCHEMISTS, LEONOR 
MICHAELIS ANP MAUP MENTEN, PROPOSEP 
A BASIC EQUATION THAT REPRESENTE THE 
RELATIONSHIP BETWEEN THE REACTION RATE 
ANP THE SUBSTRATE CONCENTRARON. 


NAMEP AFTER THESE TWO SCIENTISTS, 
THE EOUATION IS CALLEP THE 
MICHAEU5-MENTEN EQUATION. 



y. _ Vm* CS]q 

’rsvk* 


OHHH...I THINK I'M 
, OETTINO A MIORAINE 


1/*: REACTION RATE 


Kl 


SUBSTRATE CONCENTRARON 
0' BEFORE ENZYME 15 APPEP 


( 


NOW COME* THE IMPOPTANT PARTI 
XN PFRIVINO THI5 COMPLFX EQUATION, 
MICHAELI5 PEFINEP A NUMERIC VALUE CALLEP 
THE M/CHAPUZ CON5TANT CK M ), WHICH 15 THE 
SUBSTRATE CONCENTRARON WHEN THE INITIAL 
PATE* O F THE REACTION 15 HALF OF 



/ 



max 


lU 


max 


IMPORTANT/ 


SUBSTRATE 
CONCENTRARON C5T 
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* THE INITIAL RATE 1$ THE RATE AT THE BEOINNINO OF THE 
REACTION, WHEN THE EUBETRATE CONCENTRARON ANP 
REACTION SPEEP ARE ETILL LINEARLY RELATEP. 
































SINCS THIS VALUE IS UNIOUE TO 
SACH ENZYME, YOU CAN MEASURE IT 
TO PETERMINE HOW THAT ENZYME 
WORKS RELATIVE TO THE SUBSTRATE. 



J 


THIS IS CALLEP THE ENZYME'S 
AFFINITY POR ITS SUBSTRATE. 


IP THE K m VALUE IS SMALL, THAT 
MEANS THAT THE REACTION RATE 
REACHES HALP ITS MAXIMUM AT A 
LOWER SUBSTRATE CONCENTRARON, 
WHICH SHOWS US THAT THE ENZYME IS 
POINO ITS JOB EFFICIENTLY. 


ENZYME B WITH L-OW AFFINITY 


Z 0 

f i 
i 

i 

i 

< M VALUE OF ENZYME B i 


i ^ 

i 

i 

i 

i 


_ 


X SEE...IT MAKES SENSE 
WHEN WE COMPARE 
THE UNE FOR ENZYME A 
WITH THE UNE FOR Bí 


EUBSTRATE 
CONCENTRATION fé? 
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LST'S CALCULATE 


Vmc ANP KJ 


NOW, LET'S TRY TO FIGURE 
OUT THE V MAX ANP K M VALUES 
OF A PARTICULAR ENZYME/ 



WE'LL USE PNA 
POLYMERASE, WHICH 
IS AN ENZYME FOR 
SYNTHESIZIN6 PNA, AS 
AN EXAMPLE. 

NUCL&OTIP&5, THE BUILPINO BLOCKE OF PNA, 
WILl BE THE EUBETRATE IN THIE EXAMPLE. 


UET'E EAY WE APP PNA POLYMERASE 
TO SIX PIFFERENT SOLUTIONS 
WITH THE FOULOWINO EUBETRATE 
CONCENTRARONSE 


EUBETRATE CONCENTRARON 


0 mM 


1 mM 


2 piM 


4 mM 


10 mM 


20 mM 


THEN WE LET THE REACTION 
RUN FOR 60 MINUTES AT A 
TEMPERATURE OF 37°C. 


LET'S ASSUME THIS EXPERIMENT PROPUOFP 
THE FOLLOWIN6 MEASUREMENTS: 


EUBETRATE PROPUCEP 

CONCENTRARON ™OV\)CZV 

REACTION 

PROPUCT 

0 mM —► 

0 pmol 

1 mM —> 

9 pmol 

2 piM —► 

15 pmol 

4 mM — ► 

22 pmol 

10 mM —► 

35 pmol 

20mM — ► 

43 pmol 


^ THESE RESULTE SHOW THE 
CONCENTRARON OF REACTION 
PROPUCT FORMEP OVER THE 
COURSE OF AN HOUR, SO WE CAN 
PIVIPE THESE VALUES 3Y 1 HOUR TO 
TURN THEM INTO REACTION RATEE.* ** 



NOW, LET'S 6RAPH 
THESE RESULTS/ 



WHEN THE SU3STRATE 
CONCENTRARON IS O ^M, 
THE MEASUREP RESULT IS 
O PMOL, SO... 


EUBETRATE 
CONCENTRARON <+iM) 

WE'LL LET THE X-AXIS 
CHORIZONTAL AXIS) BE THE 
SUBSTRATE CONCENTRARON 
QM ANP THE X-AXIS BE THE 
REACTION RATE CPMOL). 

* ACTUALLY, WE'P ALEO NEEP TO APP TEMPLATE PNA, MACNESIUM IONS, ANP OTHER ELEMENTE, BUT 
LET'S KEEP THINOE SIMPLE' 

** FOR EXAMPLE, IF WE START WITH A EUBETRATE CONCENTRARON OF 1 ^M, OUR REACTION RATE IE 
9 PMOL PER 1 HOUR, OR, SIMPLY, PMOL/HOUR. 









































































































































































































































15 THI5 Rk3HT? 



* IT'S PAPE TO (EET A SMOOTH OJPVE UfcE THIS FPOM PEAL-WOPLP MEASUPEMENTS. 
THIS 1$ JUST THE IPEAL SHAPE. 






























































































































































































































































































































RECIPROCALA? I 
AORT OF REMEMEER 
LEARNINO AEOUT 
THOAE... 




IF I TAKE THE RECIPROCALA OF THE 
AUEATRATE CONCENTRARON VALUEA 
CWHICH ARE ALONO THE HORIZONTAL 
AXIA), I OET THE FOLLOWINO REAULTA: 


THE RECIPROCAL OF 1 IA 1 
THE RECIPROCAL OF 2 IA 0.5 
THE RECIPROCAL OF 4 IA 0.25 
THE RECIPROCAL OF 10 IA 0.1 
THE RECIPROCAL OF 20 IA 0.05 


X CAN'T TAKE THE RECIPROCAL OF 
ZERO, AO I'M LEAVIN0 IT OUTí 
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NOW TAKE THE 
RECIPROCALE OF THE 
VERTICAL AXIE REEULTE 
ANP PLOT THOEE 
VALUEE. 



THE VALUEE ON THE VERTICAL AXIE COTHER 
THAN ZERO) WERE 9, 1E, ZZ, 35, ANP 43, EO: 

THE RECIPROCAL OF 9 IE 1/9, ANP 1 - 9 = 0.111. 
THE RECIPROCAL OF 15 IE 1/15, 

ANP 1 * 15 = 0.066. 

NOW LET ME JUET WORK THROUOH THE REET.. 


THE RECIPROCAL OF 4 IE APPROXIMATELY 0.111 
THE RECIPROCAL OF 15 IE APPROXIMATELY 0.066 
THE RECIPROCAL OF ZZ IE APPROXIMATELY 0.045 
THE RECIPROCAL OF 35 IE APPROXIMATELY O.OZ8 
THE RECIPROCAL OF 43 IE APPROXIMATELY 0.0Z3 



& 


IL v 

Oo 


5 


0./2. 


o.í° 


S 0.0? 


Oto 0,06 


V) “ 

í£o 


o.of 


^ Os 02- 


¡5 

(X 


o-t o.6 o.? /-o 

RECIPROCAL OF EUBETRATE 
CONCENTRARON 4iM) 


/. 2- 


NOW I'LL EXPLAIN THE 
THEORY BEHINP THIE, EO 
YOU CAN UNPERETANP tWY 
TARE RECIPROCALA. 
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As you get closer to V max , the reaction rate measurements start to bunch up cióse 
together. 



Substrate concentration (piM) 



Eventually, the measurements are very cióse together and the results just aren’t 
precise enough to show us exactly where the rate maxes out. 


Doesn’t it seem like the rate just keeps climbing a tiny bit at a time but never gets 


to V max ? 


Yeah, it does, but there has to be a way to get around this problem, right? 


Of course. We just have to change our way of thinking! For instance, suppose we let 
the substrate concentration increase more and more, all the way to.Jnfinity! 


Hmm.Jf the substrate concentration were infinite, the measurement result would 
have to be..V max ! 
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But we can’t make calculations using infinity, right? So what can we do? 



It’s no problem. We’ll just use a little trick. We can take advantage of the fact that 
the recíprocal of infinity is zero. In other words, when we take the reciprocal, we 
know that the y-ax¡s valué ¡s V max when the x-axis ¡s zero! 

1 

Although, actually, the numerical valué of the y-ax¡s at this time is ——. 



It looks a little something like this: 



Step 1 

When the x-axis valué is infinity, they-axis valué is V max . 


Since infinity is too abstract for our calculations, we need to replace it with 
something that makes sense in the real world, so we just take the reciprocáis of 
the valúes for both the x- and y-axes. 
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Step 2 

1 1 

When the x-axis valué ¡s —, the y-ax¡s valué ¡s ~— 

00 v 


Luckily, we know that the reciprocal of ¡nfinity ¡s zero. 


Step 3 

1 

When the x-axis valué ¡s 0, the y-ax¡s valué ¡s ——. 


If we create a graph for this, we can get a definite numerical valué for V max . 



I can’t believe it, but...that actually makes sense! Maybe graphs aren’t quite as evil 
as I thought they were... 



Now that you understand the theory behind the calculations, don’t you feel like your 
lite is richer? Like you understand the universe just a little bit better? 

Now let’s return to the straight line graph you created earlier and try to obtain 
the valué of V max . 



Yeah, let’s do ¡t! Graphs and reciprocáis are child’s play for the likes of me! 
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TAKE A LOOK AT THIE 6RAPH. WHEN 
THE X-AXIE VALUE IE O, THE X-AXIE 
VALUE IE APPROXIMATELY O.OR THAT 
MEANE THAT, IN THIE PEACTION, THE 
V MAX VALUE OF PNA POLYMEPAEE IE 
1/O.OR OR ABOUT 52.6. 


IN OTHER WORPE, THE 
PNA POLYMERAEE CAN 
REACT WITH NUCLEOTIPEE 
TiO EYNTHEEIZE ABOUT 
5Z.6 PMOL OF NEW PNA* 
PER HOUR.** 


HANO ON, KUMI. YOU'RE 
CELEBRATINO A BIT TOO 
EOON. REMEMBER, THIE 
ORAPH ALEO LETE UE 
CALCULATE THE EXACT 
VALUE OF KJ. 





J»\egí 

0,2 

RECIPROCAL OF EUBETRATE 
CONCENTRARON (1/uM) 


IF YOU LOOK CAREFULIY AT 
THIE RECIPROCAL PLOT, YOU 
CAN EEE THAT THE ELOPE 
OF THE ETRAI6HT UNE IE 
REPREEENTEP BY 



I HOPE YOU 
REMEMBER YOUR 
ALOEBRA BECAUEE 
WE'RE PIVINO 
RIOHT IN/ 



* THI5 VALUE CAN VARY ACCORPIN© TO THE MEA5UREMENT CONPITION5 OR THE TYPE OF PNA POLYMERAEE. 52.6 PMOL/HOUR 
15 JU5T AN EXAMPIE. 

“ REMEMBER, THE PNA POLYMERA5E REACTION TIME WA5 60 MINUTE5. 








































































































































LET'E UEE THE MIOHAEUE-MENTEN EQUATION TO FIOURE OUT /<„ ANP l^ x í 




A LINEAR FUNCTION? I 
LEARNEP AEOUT THOEE 
IN MIPPLE ECHOOL. NO 
PROBLEM/ C1 THINK...) 


THAT'E RIOHT' THE ORAPH 
OF A LINEAR FUNCTION IE 
JUET A ETRAIOHT UNE, EO 
THIE MAKEE OUR JOB MUCH 
EAEIER BECAUEE... 
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TO OET Km, 

WHICH LEÁVES US WITH X = 1/Kmw IN 
OTHER WORPS, WE FINP WHERE THE 
6RAPH CROSSES THE /-AXIS, TAKE 
THE RECIPROCA!, OF THAT VALUE, 
ANP <2>ET Km^x- 
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4. Enzymes and Inhíbitors 


Why ¡n the world do we have to use equations and graphs—which are no fun at all—to get 
the valúes of V max and K m ? 

One reason ¡s to demónstrate that enzyme reactions are extremely precise and predict- 
able. They proceed in strict accordance with Chemical and mathematical laws. 

More ¡mportantly, for scholars doing enzyme research or research concerning the world 
surrounding enzymes, the valúes of V max and K m are very useful. 

One of these areas of research deais with the relationship between enzymes and 
inhibitors. An inhibitor is a substance that affects the binding of an enzyme and substrate, 
or affects the enzyme itself. As a result, it inhibits the enzymes activity. 

Many inhibitors are created artificially and used for enzyme research. Since they inhibit 
enzymes, they are often toxic to living organisms. However, they can also be used in positive 
ways—to kill cáncer cells, for example. 

Inhibitors also exist in the natural world. In that case, they’re known as “cellular” 
enzyme inhibitors rather than “medicinal” inhibitors. For example, some inhibitors are cre¬ 
ated directly in an organisms cells and play important roles in regulating enzyme reactions. 
Plants can create inhibitors as well. The seeds of certain legumes, for example, contain cel¬ 
lular enzyme inhibitors such as a-amylase inhibitors or trypsin inhibitors. These are known 
as anti-nutritional factors. Scientists believe that these inhibitors might be part of the plant’s 
natural defense system, which helps protect them against predation. 

If the structure of an inhibitor is similar to that of the substrate, it can bond quite eas- 
ily with the enzyme. However, since the shape of an inhibitor is subtly different from that of 
the substrate, no reaction will occur, and once the enzyme has already bonded with another 
substance, it isn’t able to bond with its substrate. Actually, there are several different types 
of enzyme inhibition, and we can tell which is occuring by using the Michaelis-Menten 
equation. 

Two of the types of enzyme inhibition are competitive inhibition and non-competitive 
inhibition. 

Competitive inhibition occurs when a substance that is very similar to the substrate 
bonds with the enzyme, inhibiting the enzyme reaction. 



ACTIVÉ SITE 
OF ENZYME* 


* THE ACTIVE EITE \E THE PAPT WH ERE THE SU3STPAT E &OHVE 
TO THE EHZVI^E IN ORPER TO UNP ER&O A ÚATAUYTIÚ AúTION. 
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Since the enzymes remam active, the máximum reaction rate V max is not affected, but 
the K m valué will rise, since some of the enzymes accidentally bind to inhibitors. With inhibi- 
tors getting in the way, it takes longer for enzymes to bind to substrates, producing the 
same result as if a lower substrate concentration was present. 

If a competitive inhibitor is added, the slope of the straight line will be greater on a 
Lineweaver-Burk reciprocal plot, as shown below. Note that the intersection with they-axis, 
W max , doesn’t change. 





ÚOMPCTITIV& 

INHI3ITION 


Although the intersection with they-axis doesn’t change, the intersection with the 
x-axis does. This means that if you add an unknown inhibitor to an enzyme reaction, take 
measurements, graph the result, and see that 1/K m has increased, you know it’s a competi¬ 
tive inhibitor. 

Non-competitive inhibition is when an inhibitor bonds at a part of the enzyme unrelated 
to the substrate bonding site to inhibit the enzyme reaction. 


INHI3ITOP 


3NZYM3 


o 
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In this case, the inhibitor doesn’t block the substrate—¡t takes the enzymes out of the 
game. K m ¡s unaffected because ¡t depends on substrate concentration. Instead, the máxi¬ 
mum reaction rate will steadily decrease as the amount of inhibitor increases. The same 
thing would happen if the enzyme concentration decreased. 

This means that when a non-competitive inhibitor is added, the slope of the straight 
line will again be greater on a Lineweaver-Burk reciprocal plot, as shown below. But unlike 
competitive inhibition, the intersection with they-axis will change, while the intersection 
with the x-axis will stay the same. 



NON-COMPETITIVA 
INHI3ITION 


Since inhibitors significantly affect enzyme reactions, they are often used in research 
for elucidating enzyme structures or reaction mechanisms. They are also used in cáncer 
research by applying small amounts to inhibit enzymes that benefit the cáncer cells. 
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CVAECÍC/ 


M109\BR\C BNZYMBB 



Although we’ve ¡ntroduced enzyme reactions for which the Michaelis-Menten equation 
applies, there are also many enzymes that exhibit activity for which the Michaelis- 
Menten equation does not apply. 

One of these is a type of enzyme called an allosteric enzyme, which can respond to 
environmental signáis with changes in activity. This is referred to as an allosteric effect. 
For example, a substrate that bonds to one subunit may bring about a change in the 
three-dimensional structure of the enzyme, which causes the substrate to bond more 
easily with another subunit. 

In a case like that, the curve representing the relationship between the substrate 
concentration and the reaction speed will be an S-shaped sigmoid curve rather than 
the hyperbola that is typical of the Michaelis-Menten equation. 

We’ll skip the details here, but not all enzyme reactions are simple ones that occur 
according to certain fixed equations—in fact, in the body, most are extremely complex 
and diverse. 
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...Vil KNOW MI ^ 

THE SECKETE OF A = 

HEALTHY PIET/ 




OKAY, LET'E (3ET 
ETARTEP/ 
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1. What Is Nucleic Acid? 


WE LOOfcEP AT THE NUCLEUE 
OF A CEU EARLIER (EEE 
CHAPTER Ü, WITH A LITTLE 
HELP FROM ROBOCAT. 

WE CALIEP IT A "PNA , 
WAREHOUEE." 





THAT'E TRUE. 6ENEE ARE A 
PART OF PNA—THE PART THAT 
ACTE AE THE BLUEPRINTE 
FOR PROTEINE. 



CENE 


PROTEINE ARE CREATEP EAEEP 
ON THE INFORMATION ENCOPEP 
IN THE EEQUENCE OF NUCLEIC 
ACIPE CHOW THEY ARE LINEP UP 
ALONO THE PNA).* 


CENE 



* (SENES ALBO ÚONTAIN THE "BlUEPRINTS" FOR RNA. 
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THAT'S IZieHT! NOW WE'Ll 
TALK ABOUT THAT PROCER 
IN MORE PETAIL 



































































































































































































0 THE PIEÚOVEKY OF NUúLEIN 





The Swiss biochemist Friedrich Miescher (1844-1895) 
successfully ¡solated a new substance from a sample 
of white blood cells. He extracted the cells from used 
bandages that he received from a nearby hospital. 


White blood cells adhering to used bandages? Ugh, 
so we must be talking about... 


That’s right! We're talking about pus! 



Friednch Miescher 



He studied pus?! Gross! I guess biochemistry isn’t all glamour and diets... 



To extract white blood cells, Miescher processed the pus by adding an enzyme 
called protease, which breaks down protein, and then he used a method called 
ether extraction to remove the lipids. 



PROJBIH LIPIP 




The substance that was obtained from the white blood cells showed strong acidity. 
Miescher named it nuclein since it was found inside the nucleus of the white blood 
cells. Miescher also succeeded in extracting nuclein from salmón sperm. Nuclein later 
became known as nucleic acid, and in the first half of the 20th century, scientists 
determined that there two types of nucleic acid: DNA and RNA. 
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nuclbic acip cohbibtb 

OF A LOH& CHAIN OF 
BÜBBTAHCBB CAliBP 
NUCLEOTIP55* CONNECTEP 
^ TO&BTHBR. 




A NUCLEOTIPE IB FORMBP BY BONPIN0 
A BA5E, A PHOEPHATE, ANP A PENTOEE 
CFIVE-CARBON 5U<3AR), AS FOLIOWS: 


* NUCLEOTIPES ALEO APPEAPEP WH6N WE 
_PISCUSSEP 0KAPH5 IN ÚHAPTER 4. 


BASF 




PH05PHATF 


PENT05E 

CHzOH 

,<K OH 


mCIBOllVB 



-I/'h 

OH ÓH 
RIB05F 

OR 


(£K^(Ph c 


1 70 3 

PHOSPHATES 



OH OH 


RIBONUCLFOTIPF 


CHzOH 


OH 


OH H 

veoww&oee 




PEOC/RIBONUCLEOTIPE 


ANP IF JU5T A 

3A5F ANP A PFNT05F 30NP 
CWITHOÜT A PH05PHATE), THF 
RF5ULT 15 ÚAULFP A NUCLEOZIPB. 



CH.OH 























































































THEPE APE FIVE TYPEE O F EJAEEE 
THAT FOPM NUCLEIC ACIP: APENINE (Al 
&UANINE (ó), CYTOEINE (Cl URAC/L (LO, 
ANP THYMINB (TI 

THE FOUP TV PEE UEEP IN 
PNA APE A, 6, C, ANP T. THE 
FOUP TYPEE DEEP IN PNA 
APE A, 6, C, ANP U. 


H 


x. 



N s 


H.N I 

6UANINE (6) 


NHt 


H 


0' 



¿YTOEINE QO 


0 


K 


UPACIL CU) 
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0' 

THYMINE CD 



CHs 
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FOP NOW, JUST 
REMEMBEfc THAT 

peoxypiBose is usep in 

pna anp w&oee \e veep 

IN RNA. WE'Ll 60 INTO 
MOÍZ5 PETAIL LATER. 
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BY THB WAY, APBNOEINB TRIPHOEPHATB 
HAE A SIMILAR ETRUCTURB BUT WITH 
THRBB PHOEPHATBE ATTACHBP. 



THAT'E RkBHT/ NOT ONLY 15 ATP THB 
COMMON CURRBNCY OF BNBROY, IT'E 
ALEO A BUILPINO BLOCK. OF RNA. 



LOOK.' IF WE EWAP OUT THE BAEE 
IN APENOEINE MONOPHOEPHATE 
WITH THE OTHER FOUR KINPE OF 
BAEEE, WE <3ET THE FOLIOWINO 
NUCLEOTIPEE: 


• If the base ¡s guanine (G), we get guaríosme monophosphate and 
deoxyguanosine monophosphate, for RNA and DNA respectively. 

> If it's cytosine (C), we get cytidine monophosphate and deoxycytidine 
monophosphate. 

« If it’s thymine (T), we get deoxythymidíne monophosphate* 

« If it’s uradl (U), we get uridine monophosphate and deoxyurídine 
monophosphate.** 

! Since the deoxy form of thymine is the most prevalent, the deoxy prefix is often 
left out. 

r * Although uracil is not a base that’s normally in DNA, the deoxy type does exists. 


I EEE/ THERE ARE TWO TYPEE OF PENTOEEE 
ANP FIVE TYPEE OF BAEEE. IF THE BAEE CHANOEE, 
THE NUCLEOTIPE ALEO CHANOEE, RIOHT? IT'E 
THE EAME WITH UPON ANP EOBA/ 




PON'T FOREET 
THE CREEN 
ONIONS ANP 
SEVEN-SPICE 

powper; 


PEPENPINO ON WHAT WE 
COMBINE IT WITH, IT CAN TURN 
INTO EOBA ANP EOC, TEMPURA 

«ORÍ AMO C.n Okl 




























































































$ BASE ÚOMPUBMBNTAPITY ANP PNA STPÜÚTUPB 


Nucleic acid consists of nudeotides connected ¡n a long, linear chain. The car- 
bons at the 3' position and the 5' position of each pentose link to a phosphate, 
forming a bridge between individual nucleotides. This is called a polynucleotide. 




to the carbons in the nucleotide base. 


3' end (since it's the end of the 3' side) 



FOLVHVCLBOTWe 


The bases form shapes that protrude like the teeth of a comb on one side of 
the polynucleotide. For DNA, two polynucleotide strands form a double strand 
by connecting these bases, which creates a helix structure. 
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Oh! Those comb-teeth-looking parts stick together and become the rungs in 
the middle! 


Right. In other words, a “pair” ¡s created vía hydrogen bonds between two 
bases, so that the polynucleotides form a double strand. The pairings are 
always faithful: A pairs with T (with two hydrogen bonds), and G pairs with C 
(with three hydrogen bonds). 



always JHeee 
commvone 



HYPPO<3EN 

BONP 
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This pairing configuraron ¡s called complementarity. Because of this comple- 
mentarity, DNA can be replicoted— ¡n other words, the two-stranded poly- 
nucleotide chain can be separated ¡nto individual strands, and those strands 
can be used as templates to build new strands. The result of this replication 
is two DNA molecules that have the same arrangement of bases. 


PNA 


IF T CULMINE) 15 
THE TEMPLATE, THE 
BA5E THAT WILL JOIN 
THE NEW 5TSANP 15 
A CAPENINE). 




granes* 



A témplate is like the mold that you pour batter into to make cupcakes. 



I get it! If you have a mold, they’re easy to replícate. 

If you know what the sequence of the témplate strand is, you’ll know the 
sequence of a new strand that uses that tempate as a mold! 



Thats right. The biggest difference between DNA and other biopolymers 
(proteins, saccharides, and lipids) is that ability to replícate easíly. 
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0 PNA PEPUCATION ANP THE ENZYME PNA POLYMEPAEE 







So why ¡s DNA replicated? Since DNA contains our genes, it must be replicated 
whenever cells divide and multiply. 

Genes are passed on from parents to children, as well as from cell to cell. 
When a cell divides, the same genes must be inherited by the two new cells, so 
the DNA must be replicated before the cell splits. 



CLBMLV 

PIVIPÉP 


That’s...totally cool! 


The first person to isolate an enzyme involved in 
DNA replication—called DNA polymerase I —was the 
American biochemist Arthur Kornberg (1918-2007). 


DNA polymerase was the enzyme we used when we 
obtained V max and K m . Do you remember? 


Yeah! That’s the enzyme that replicates DNA? 
Enzymes really do a lot, don’t they? 



Arthur Kornberg 


In 1956, Kornberg extracted an active enzyme used for synthesizing DNA from 
a liquid in which £ coli was pulverized. This enzyme could be used to artificially 
synthesize DNA in a test tube, which created a great sensation in the scientific 
world at the time. 



That discovery was seriously important. 
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It sure was! In fact, Kornberg was awarded the Nobel Prize ¡n Physiology or 
Medicine in 1959. 

DNA polymerase is officially called “DNA-dependent DNA polymerase.” 
This means that a DNA polymerase enzyme requires the presence of an 
existing DNA témplate molecule in order to create a new DNA molecule. 




I get it. Since the pairs are complementary, DNA polymerase steadily creates 
the chain by referring to the témplate. 



The Chemical reaction that DNA polymerase catalyzes is shown below. 




IN THIS REACWOH, A HUCLEOTWE WITH THREE 
PHOSPHATFS ATTACHEP IS USFP AS THE SU3STPAT E. 
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In other words, DNA polymerase catalyzes the attachment of the next 
deoxyribonucleotide phosphate to the 3' end of a new DNA strand. This 
attachment ¡s called a phosphodiester bond. 



The nucleic acids that belong together are joined firmly by the “matchmaker” 
DNA polymerase. 


That’s right! Ha ha ha... 



C RNA 5TíZUCTUlze 



On the other hand, RNA usually exists as a single strand. The enzyme RNA 
polymerase actually uses DNA as a témplate when it binds ribonucleotides 
together into a new RNA strand. 


PNA 





Oh, that reminds me...earlier you said that RNA is an extremely important 
substance, but you never said why! 



Just hold your horses, Kumi. We’ll get into that soon (on page 220, to be exact). 


Got it! 
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Unlike DNA, RNA usually breaks down soon after ¡t’s produced. Kumi, do you 
remember what we said about deoxyribose? 


It’s the pentose that’s ¡n DNA but not RNA, right? 


That’s right! In RNA, a hydroxyl group (2-OH) is attached to the carbón at the 
2' position on each ribose, as shown in the following figure. In DNA, only a 
hydrogen is attached, henee the ñame deoxyribose. 

This hydroxyl group in RNA is actually a real troublemaker. The H could 
even be considered a biochemical playboy. 




(Of course, / would always stay faithful...) 
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Because of the existence of this hydroxyl group, RNA ¡s known to undergo 
autolysis (a self-inflicted decomposition) due to a phenomenon known as base 
catalysis. 




If you think of the 0 and the H of a hydroxyl group as a couple, then H ¡s the 
“playboy” that can be tempted by bases that exist around the RNA. 

It’s ¡mportant to note that these aren’t the A, U, C, and G bases we’ve 
been talking about so far. In this context, a base is a substance that can accept 
a proton (H + ), such as a hydroxide ion (OH"). Bases can be thought of as the 
Chemical opposite of acids, because they neutralize each other. 



So the 2'-OH proton is extracted by a base? 



That’s right. Then the lone oxygen goes looking for a new partner to bond with. 



Actually, after the proton is extracted, the oxygen (0"), which carries a nega- 
tive charge, will bond with the phosphate (P) in the phosphodiester bond 
at the neighboring 3' position (that is, the ¡mportant bond connecting two 
ribonucleotides). 
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PHOSPHOPIESTER 

BONP 



fl 


As a result, the phosphodiester bond breaks apart, dividing the RNA chain. 


It’s all a little sordid, ¡sn’t ¡t? 



Since RNA frequently undergoes this kind of autolysis, it’s considered “unstable” 
and is not very suitable for storing genetic ¡nformation. DNA is far more stable 
than RNA since it does not contain the 2'-0H. Therefore, trustworthy DNA is 
the best for this purpose. A different but still very important role is assigned to 
RNA instead. 


We’ll learn about that role next! 
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2. Nucleic Acid and Genes 


PNA 15 THE LANÓUAÓE OF (3ENEE 


PEOPLE EAY KIPE LOOK 
UKE THEIP PAPENTE 
BEÚAUEE OF 6ENE5. 


X 


<3ENEE APE THE 
"ELUEPPINTE" THAT (3UIPE 
THE CPEATION OF PNA 
ANP PPOTEINE. THEY APE 
ETOPEP IN PNA. 


i vt& 


P O lLOO K 
UKE MINE? 


(5ENEE 
APE IN 
PNA. 


AFRAIP 




PNA IE FOPMEP EY UNINO UP 
EAEEE, PIOHT? WEUU THIE 
APPANOEMENT OF EAEEE IE 
ACTUAU.Y VEPY IMPOPTANT. 


Y 


,ÍV;: : / 


... 




#*' 


O, 


IT'E IMPOPTANT EECAUEE THE 
APPANOEMENT ITEEUF IE THE 
BUUBPRINT OF PROTBINBl 
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* IN THIS BOOfc, WF'Ll OFNFPAUY SAY THAT OFNFS APF "WPITTFN" CIN THE FOPM OF A BASF SFQUFNCE) IN PNA. 
** ACTUALIY, THF FXO/V PAPT OF OFNFS 15 CONSIPFPFP 70 BF 1.5% OF THF WHOFF. CSFF PAOF 227.) 

*** WF'U FXAMINF INTPONS ANP FXONS FUPTHFP OH PAOF 227 




















































































































































































RNA HAS SEVERAL JOES 



50 PNA ACT5 A5 THE 
BLUEPRINT POR PROTEIN5 
ANP 15 FOUNP IN THE 
NUCLEU5 OF A CEU. 


IT'5 ACTUALLY 
TRAPPEP THERE ANP 
CAN NEVER E5CAPE TO 
THE CYTOPLA5M'* 


PO YOU REMEMBER 
RIBOSOMES, WHICH 
CREATE PROTEINS? 


POP 

QUIZ! 



* THE CHLOROPUAETE CIN PHOTOSyNTHETIC ¿ELLE) 
ANP MITOCHONPRIA PLO ATINO IN THE CYTOPLAEM 
CONTAIN THEIR OWN CHARACTERIETIC PNA. 


ALTHOUOH THEY LOOK UKE 5PECK5 
OF 5ALT FROM A PI5TANCE, WHEN 
WE ZOO M IN THEY LOOK MORE LIKE 
LITTLE 5NOWMEN ALL JUMBLEP 
TOOETHER. 


, C5EE PACE 27.) 


THEY APHERE TO THE 
ENPOPLA5MIC RETICULUM OR 
FLOAT IN THE CYTOPLA5M. 


YEP/ RIBOSOMES, WHICH 
5YNTHE5IZE PROTEINS, ARE 
IN THE CYTOPLA5M... 
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RNA REAPS ANP TRANSCRIBES THE 
BUUEPRINTS WRITTEN IN THE PNA ANP CARRIES 
THAT INFORMATION TO THE RIBOSOMES, 
WHERE PROTEINS WIUL BE CREATEP/ 


TRANSCRIPTION Í(T\ (T\ 

DNA 

REPU CATION 





cooooou. 

THAT PEALL-Y IS AN 
IMPOPTANT POLE/ 


ACTUAUY, THEPE ARE 
SEVEPAL PIFFEPENT 
TYPES OF PNA. 



THE TYPES OF PNA THAT 
PUAY A POLE IN PPOTEIN 
SYNTHESIS APE mPNA, 
rPNA/ ANP tPNA. 


















































































































































































































































mRNA 



The enzyme called RNA polymerase enables genes that are written ¡n the 
DNA—that is, their base sequences—to be used as templates to synthesize 
RNA with complementary base sequences. 

This process ¡s called transcription (¡t can also be referred to as RNA 
synthesis), and the synthesized RNA is called messenger RNA ( mRNA ). 

For example, take a look at the gene shown in the following figure. 


eenee stkanp 






DNA is double stranded, and, for each gene, only one side of the DNA is mean- 
ingful (that is, its base sequence becomes the blueprint). This is the sense strand 
for that gene. The other strand, which is complementary to the sense strand, is 
called the antisense strand. 



That makes...sense. 



Since mRNA is synthesized using the antisense strand as a témplate, the base 
sequence of the RNA that’s produced is the same as that of the sense strand. 
However, where the base is T (thymine) in the sense strand, there will be a U 
(uracil) in the mRNA. 
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The synthesized mRNA ¡s called precursor mRNA. It undergoes a series of 
Chemical reactions and other Processing* to become mature mRNA, which is 
then transported from the nucleus to the cytoplasm and is soon delivered to a 
ribosome. 


NUCLEUS 



O 

CEU 


mRNA 




mRNA RIBOSOME 



PNA STRANP IS 
UNWOUNP. 


OENETIC 
INFORMATION 
IS COPIEP 
TO mRNA. 


mRNA IS TRANSPORTE? 
OUTSIPE OF THE NUCLEUS TO 
THE CYTOPLASM THROUOH A 
NUCLEAR PORE ANP IS SOON 
PELIVEREP TO A RIBOSOME/ 



So you can see why we cali it a “messenger”: it’s transporting vital information 
out of the stronghold of the nucleus. 


* This process ineludes splicing, which removes intron parts (see page 227), and the addition 
of a 5' “cap” and a poly-A tail. 


C 1 rRNA anp tRNA 



A ribosome is like a big protein-making machine consisting of several types 
of RNA called ribosomal RNA ( rRNA) and several dozen types of ribosomal 
proteins. 


They’re not as large as mitochondria or chloroplasts, though. 


They may not look like much, but ribosomes are pretty darned impressive! 



rRNA 



RIBOSOMAL 

PROTEINS 



RIBOSOME/ 
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Another type of RNA, which transports amino acids, is called transfer RNA 
( tRNA ). The tRNA matches the base sequences of the delivered mRNA with 
the amino acids needed to build the coded proteins. 



It should be pretty obvious where transfer RNA gets its ñame: it transfers 
amino acids. 


The mRNA base sequence is a code for an amino acid sequence. More specifi- 
cally, a three-base sequence forms the code for one amino acid. This three- 
base sequence is called a codon. 
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There are unique tRNA molecules for each codon. In other words, only a tRNA 
with the proper base sequence—called an anticodon —that is complementary to 
the mRNA’s codon can adhere at the site of the ribosome.* 

The role of rRNA is to connect the amino acids that were transported via 
tRNA into long chains. Amino acids are connected according to the mRNA base 
sequence (that is, the codon sequence) to create proteins in accordance with 
the base sequence (the genes, or “blueprint”) of the original DNA. 


tRNA 




So in other words, genetic information is conveyed like this: DNA RNA -» 
protein. 


* The type of amino acid that is transported is also determined by the anticodon. 
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Here’s what a single rRNA looks like: 



Huh? It looks like a maze. 


If you look carefully, you can see that it’s actually just one RNA strand folded 
¡n a complex way. The ends are marked 3' and 5'. 


Oh! You’re right! 


When an RNA strand folds, its bases pair with each other. In the image above, 
those pairings are represented by the transverse lines, or “ladder rungs.” Base 
pairing within a single strand is a feature of RNA not found in DNA: It can fold 
ínto a varíety of forms according to differences in base sequences. 





Wow, cool! They look like little line drawings. 
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0 RI30ZYME5 



To summarize, RNA breaks down quickly, but ¡t can do things that DNA can’t. 
RNA exists both ¡n the nucleus and the cytoplasm, and ¡t can take various 
forms depending on the base sequence. 



It’s a very flexible molecule, isn’t it? 



Definitely. RNA researchers have long believed that RNA probably has other 
important jobs besides copying genes and interacting with ribosomes. 

Ribozymes, which were independently discovered at the beginning of the 
1980s by the American microbiologist Thomas Cech and the Canadian molecu¬ 
lar biologist Sidney Altman, foretold later developments in RNA research. You 
learned earlier that one very important job of proteins is their work as enzymes 
(see page 153), but Cech and Altman actually discovered that RNA has the flex- 
ibility to work as an enzyme as well. 



Huh! 



So they combined the words “RNA (ribonucleic acid)” and “enzyme” to coin the 
term ribozyme. 
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Many of the ribozymes that have been discovered or artificially created so far 
are ¡nvolved ¡n building or cleaving RNA or DNA. 

Cech discovered that part of RNA itself catalyzes the Chemical reaction to 
remove sections that are meaningless as protein blueprints (introns) and to join 
the sections that are meaningful (exons). This is referred to as self-splicing* and 
is fairly rare. 

Usually, splicing involves an enzyme known as spliceosome, which is a 
large complex made of RNA and proteins. 



Splicing involves several hydroxyl groups (-0H) of RNA, such as the 2 / -0H or 
the 3'-0H. 


INT*ON 




euKAfcyonc mrna splicino pemovee 

THE INTPON Ch - 1— ) PAPTE. 



Hey, it made a loop! 



The discovery of ribozymes caused RNA to be viewed as a multifaceted 
molecule that does a variety of tasks, and RNA research advanced rapidly. 

As the 21st century began, this research showed that RNA has other various 
roles and that many different forms of RNA exist in cells. RNA research is truly 
in full bloom now, and there are high expectations for future research. 


* The genes of eukaryotes (like humans) are divided into several exons by non-coding base 
sequences called introns. The introns must be removed from the mRNA before translation, 
in a reaction known as splicing. 
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3. Bíochemistry and Molecular Bíology 


0 THE DIRTY JOB OF A BIOCHEMIET 

Nowadays—especially ¡n cities—there are fewer and fewer opportunities for exploring nature 
and really getting your hands dirty. In a world where a mustard-stained tie ¡s the greatest 
potential tragedy, most people can’t even imagine trekking out into the wilderness to really 
dig through the (often filthy!) wonders of the natural world. 

But humans, of course, are products of nature. Long before the miracles of instant spot 
remover and nectarine-scented hand sanitizer, we lived like other animáis, surrounded by 
the great outdoors. 

Although bíochemistry ¡s a discipline that attempts to view the incredible phenomena of 
life through the lens of Science, the raw materials of that research are the living organisms 
themselves—again, products of nature. 

Once, during my gradúate student days, I went to the mountains in order to collect 
certain plants that contain large amounts of the proteins that I was researching. 

I drove with a younger gradúate student to some nearby mountains, and we proceeded 
along a road that was thickly overgrown with plants. When we got to a place where the car 
could no longer pass, we continued on foot to find the plant called Phytolacca Americana 
(American pokeweed). 

We brought the pokeweed back to the laboratory, washed off the dirt, and used kitchen 
knives and scissors to cut them up so that we could extract the target proteins from them. 

I would also routinely visit a nearby meatpacking plant to obtain an organ called the 
thymus from recently slaughtered cows. (The thymus is usually discarded, so they were 
happy to give them away free of charge.) I would use scissors to cut up the organ and store 
the little pieces in the laboratory’s refrigerator as experimental samples. This was necessary 
to extract the research target protein (DNA polymerase). 

In this way, bíochemistry originally developed based on a methodology of extracting 
(isolating, purifying, etc.) Chemical substances from organic raw materials and checking their 
Chemical properties. 

In contrast, molecular biology is a discipline that tries to elucídate the phenomena of 
life by using biopolymers such as DNA and proteins. 

Simply speaking, if molecular biology just deais with DNA and RNA or prepares an 
environment for artificially creating proteins (by using E. coli, for example), ¡t is unnecessary 
to use flesh-and-blood, organic raw materials such as a cow’s thymus or plant materials. 

In a manner of speaking, the data obtained ¡n these artificial lab environments is 
“digital.” Molecular biology is practiced using high-tech equipment and cutting-edge tech- 
nologies, and molecular biologists are rarely caked in mud or smeared with animal blood... 

As a result, some biochemists refer to their own research as “dirty work.” I think that 
when they do this, ¡t’s somehow self-deprecating. 
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However, ¡t is an undeniable fact that the accumulation of knowledge from that kind of 
dirty work built the foundation of molecular biology ¡n the first place. Although many young 
molecular biologists have never once used flesh-and-blood, organic materials other than 
E coli, cell cultures, or experimental animáis, biochemistry and molecular biology have long 
been bound together and remain so even today. This fact should never be forgotten. 


¡§¡ FAPLY BlOúHFMISTPy ANP MOLBOJUAP BlOUOOy 


In 1897, Germán biochemist Eduard Buchner made the revolutionary discovery that fer¬ 
mentaron occurred in an extract created from yeast cells, which contained yeast protein but 
no living yeast cells. 

Prior to that, people believed that the Chemical reaction called fermentation, which 
is characteristic of living organisms, could not happen without the presence of living cells. 
However, this idea was utterly obliterated by Buchner’s discovery. 

Because of this, the theory of vitalism, in which the phenomena of life occur only 
because of a characteristic forcé (spirit or life energy) of living organisms, practically dis- 
appeared, and the foundation was built for research on Chemical reactions occurring in 
living organisms in test tubes. In other words, biochemistry was born. 

Since Buchner found that an actual living organism need not be present, it would not 
be an exaggeration to say that this was the discovery that paved the way for the arrival of 
molecular biology. 

As a clearer understanding of the chemistry of life developed, it became apparent that 
certain mechanisms common in all living organisms form the basic foundation of life. Some 
of these mechanisms, for example, are that DNA is used as the genetic language, that the 
basic theory (central dogma) behind the reading of genes to create proteins is consistent, 
and that the same proteins often do the same kinds of work. 

Because these mechanisms are universal among living organisms, it was important to 
develop methodologies for studying DNA, which serves as the blueprint for proteins, and for 
elucidating the function of proteins. 


£ PBVBLOPMBNT OF PBÚOMBINANT PNA TBCHH\Q[)BB 

In 1972, American molecular biologist Paul Berg performed the first successful recombinant 
DNA experiment in the world by artificially manipulating DNA in a test tube to create a DNA 
sequence that did not exist in the natural world. 

A method for easily decoding the base sequences of DNA was developed by English 
biochemist Frederick Sanger in 1977, and a method for copying (or amplifying) DNA was 
developed by American molecular biologist Kary Mullís in 1985. After these discoveries, 
recombinant DNA experimental techniques advanced rapidly. 
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Recombinant DNA techniques developed after ¡t had been clearly demonstrated that 
DNA is the genetic language (or, ¡n other words, that the information referred to as genes 
¡s written in the form of base sequences ¡n DNA). Molecular biologists ¡magined that ¡f they 
only had the DNA base sequences and ¡f they only created an environment ¡n which proteins 
could be created from those base sequences, they could elucídate the phenomena of lite, 
which can be thought of as the totality of Chemical reactions ¡n which proteins are ¡nvolved. 

For example, if genes from an external source are ¡ntroduced ¡nto a simple, easy-to- 
manipulate organism for which these mechanisms are well understood (such as E. coli) to 
create proteins within that organism, a large quantity of proteins can be obtained all at once 
without ever having to perform any more “dirty work.” 

Generally speaking, this idea can be expressed as: Explain the DNA sequences! 

Explain life! 

Molecular biology has developed with this aim. The methodology used to achieve this 
was based on recombinant DNA techniques. 


0 R£TURNIN<3 TO BI06HEMI5TRY 

After the Human Genome Project (an ¡nternational cooperative research project aiming to 
sequence the genetic information of humans) was completed ¡n 2003, researchers turned 
their attention from DNA back towards proteins and RNA. 

The post-genome era, or post-sequencing era, arrived. 

No matter how much DNA steals the limelight, no matter how ¡ts handling techniques 
develop, and no matter what anyone says, when life phenomena are viewed as a collection 
of “chemical reactions,” the only things at work there are proteins and RNA. 

This ¡s because, even if all of the base sequences of human DNA (that ¡s, the entire 
genome) are known, the data is meaningless unless the roles of the proteins and RNA that 
are made from DNA are understood. 

Currently, if the amino acid sequences of many proteins are known and the role they 
play ¡s also understood, then the work of unknown proteins can be predicted to a certain 
degree based on only amino acid information. 

However, the role of unknown proteins must be verified by using biochemical tech¬ 
niques. No matter how many molecular biological techniques (such as DNA recombination) 
are used to research the activity of proteins to elucídate their roles, the question of whether 
or not those proteins really do those jobs inside natural cells will remain unanswered. In a 
manner of speaking, this ¡s the same as the ¡diomatic expression “you can’t see the forest 
for the trees.” As long as the research target ¡s a biological substance, biochemistry remains 
an absolutely necessary and ¡mportant academic discipline. 
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0 THE OfZI&IN OF THE CEU 


No doubt you’ve heard the phrase “origin of life.” We’re not going to tackle the intimidating 
question of what life actually is here. Instead, we’re concerned with the first living organismos 
or, in other words, “the origin of cells.” 

So how did cells origínate on Earth? 

By now, you should understand that a cell ¡s the location of many vital Chemical reac- 
tions in living organismos and that cells can divide and multiply. These are two major traits 
that define life. 

Chemical reactions that transform one substance ¡nto another substance, which are 
performed inside of cells, and networks of many of these Chemical reactions, which occur 
across many cells, are collectively referred to as metabolism. 

Cells must constantly undergo metabolism in order to produce the energy required to 
maintain their organization and to reproduce. 

In addition to metabolism, reproduction, also called self-replicotion, is a major char- 
acteristic of living organisms. Unicellular organisms can often simply replícate their cellular 
contents and split in two; this process ¡s called binary fission. For multicelular organisms, 
reproduction ¡s more complex and ¡nvolves specialized reproductive cells, which initiate the 
development of offspring. 

(Although the way in which cells replícate themselves can certainly be called self- 
replication, the expression is a little awkward. Let’s just cali ¡t plain oíd “replication” from 
now on.) 

Cells perform both metabolism and replication, both of which are extremely important 
when considering the origin of life. But which carne first, metabolism or replication? 

This ¡s one of the most difficult questions confronting scientists who are conduct- 
ing research concerning the origin of life. When the “pouch wrapped in a membrane” (the 
cell) originated, what had been occurring inside that enclosure? Some scholars think that 
the “pouch” had been performing metabolism after many diverse molecules had collected 
together. Some time later, the “pouch” absorbed molecules capable of causing replication, 
so the entire assembly became able to divide and multiply. This idea ¡s known as metabo¬ 
lism first 

Other scholars think that the original “pouch” had enclosed replicating molecules and 
had been dividing. Later, it became able to perform metabolism, and ¡t eventually obtained 
a more advanced replication method, causing ¡t to evolve into a cell. This idea is known as 
replication first. 

Many other scholars think that posing the question of “which carne first” is nonsense 
and that metabolism and replication coevolved cooperatively. 

In any case, the biochemical process of metabolism is a very large-scale phenomenon. 
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4. Conductíng Biochemístry Experiments 


It was mentioned on page 230 that the functions of proteins can be verified by using bio- 
chemical techniques, but what kinds of experiments do biochemists perform? 

There are various experimental methods depending on the field of research, and not 
each and every one will be presented here. Instead, I will introduce several experimental 
methods that I have used myself. 

coimn ¿HKOMATOÓRAPHY 

Column chromatography is an experimental method for separating substances that have 
the same property from a mixture of substances. For example, we can collect just proteins 
with certain properties from the liquid extract of American pokeweed, which was introduced 
earlier, or from the liquid obtained after a cow thymus was blended in a juicer. Special resins 
are packed in a long, narrow tube made of glass or some other material. Some substances 
adhere to those resins and are trapped, allowing for the collection of only those substances 
that do not adhere. 

Various types of chromatography, such as ion exchange chromatography, gel filtration 
chromatography, and affinity chromatography, can be used, depending on the type of resin 
or target protein. As an example, here we will look at a method for purifying the enzyme 
DNA polymerase a from the thymus of a calf. 

As shown below, the cells are smashed by grinding up the calf thymus, and a solution 
with a high salt (sodium chloride) concentration is used to extract proteins and other mol- 
ecules. This extract (the liquid in the flask) passes through the large glass tube (called the 
column) in which the ion exchange resin has been packed. The proteins are broadly divided 
into those that are trapped in the column and those that pass through the ion exchange 
resin. 
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The substances that pass through the ion exchange resin are collected in test tubes, 
but the substances that are absorbed are separated from the resin and collected in test tubes 
later by adding a liquid with a higher salt concentration. DNA polymerase a adheres to the 
column and can be retrieved by adding a liquid with a salt concentration of 0.5 M (moles per 
liter). (This is “sample 1.”) 

The figure below shows the method of purifying DNA polymerase a from this 
“sample 1.” 
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This technique, called affinity chromatography, uses a small glass tube packed with a 
resin combined with an antibody (a type of protein that’s created by the immune system) 
that can only bond with DNA polymerase a. When sample 1 is passed directly through this 
resin, it’s divided into two parts—one that is absorbed and one that passes through. DNA 
polymerase a, which is absorbed, can be retrieved by running a solution with an extremely 
high concentration (3.2 M) of magnesium chloride through the resin. Since the part that’s 
retrieved here is almost 100% DNA polymerase a, it has been “purified” at this time. 

In this way, DNA polymerase a can be efficiently purified by using a combination of ion 
exchange chromatography and affinity chromatography. 

euectrophoreeie anp a western blot 

This is an experimental method for isolating a specific protein, recognizing what type of 
protein is in a sample, or checking the size of a target protein. Electrophoresis is a method 
in which a sample is “loaded” on top of a thin gelatinous slab (gel) and a current passes 
through it to cause the sample to move through the gel. SDS-polyacrylamide gel electro¬ 
phoresis (left side of the following figure), which separates proteins based on molecular size, 
is commonly used. After the proteins are separated, they are detected by reacting them with 
a special reagent, such as a dye or a fluorescent marker. 

A western blot (right side of the following figure) is a method of transferring the pro¬ 
teins that are in the gel onto a thin membrane, while retaining the positions that they were 
in after they were separated, and then detecting a specific protein on the membrane by 
adding an “antibody” that only reacts with that protein. Lectin blotting, which is described 
next, is an application of a western blot. 
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L5ÚTIN BLOTTINS 

Lectins are proteins that can bond specifically to certain sugar chains. Because lectins will 
bond differently according to the type of sugar chain, lectins can be used to identify the type 
of sugar chain that is bonded to a protein. A method similar to a western blot can be used 
after proteins are transferred onto a membrane. Various lectins are mixed with the proteins, 
and only the lectins that reacted are detected. This lets us identify the types of sugar chains 
that exist in the proteins that were transferred onto the membrane. This is called lectin 
blotting. 

The following figure shows an experiment in which a lectin called wheat germ agglu- 
tinin (WGA) identifies a sugar chain to which the saccharide called A/-acetylglucosamine 
(GlcNAc) is attached. 

In this lectin blot performed for the rough protein fraction of the starfish oocyte, it is 
apparent that two large bands are glowing brightly. WGA was the lectin used here. 
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£ENTKIFU(3ATION 


Like column chromatography, centrifugaron is an experimental method that is performed 
to sepárate organeües, proteins, and other biological molecules that have the same density 
from a mixture of substances with differing densities. The sample solution is placed in a test 
tube, and the test tube then spins around the centrifuge axis at a very high speed. To handle 
small molecules, like proteins, ultracentrifugation may also be performed, which spins the 
test tube at tens of thousands of revolutions per minute. DNA and other polymers can also 
be isolated in this way. 
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ENZYME REAÚTION MEASUREMENT 


There are various methods of measuring enzyme activity, such as using radioisotopes to 
measure the amount of a reaction product produced or using a change in color to measure 
the reaction product formed when a substrate is acted on by an enzyme. 

I will explain a method of using radioisotopes to measure the enzyme activity of DNA 
polymerase and a method of using a color reaction to measure the enzyme activity of 
a-amylase. 

PNA FOLYMERA5E ACTIVITY MFAZUFFMFNT MFTHOP 

First, place the following in a mirco test tube: the solution for measuring activity (with pH 
optimized and buffered for DNA polymerase), DNA polymerase, the DNA that is to be the 
témplate, the nucleotide that is to be the raw material, and the magnesium chloride co- 
factor. Add the nucleotide that contains the radioisotope, and let it react at 37° C for a fixed 
interval. 

When this is done, the nucleotides that contain the radioisotopes are captured in 
the new DNA strands that have been synthesized by the DNA polymerase. The unreacted 
nucleotides are removed, and the synthesized DNA strands are placed in a small radioiso¬ 
tope bottle for measurement in a device called a liquid scintillation counter, which measures 
radioisotopes. Since higher enzyme activity means more radioisotopes were captured in the 
DNA, higher numeric valúes indícate higher enzyme activity. 
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a-AMYLAZe ACTIVITY MEAEUZEMENT METHOP 


An a-amylase solution (such as saliva) is added to a solution in which starch has been 
dissolved inside a test tube. If an iodine solution is immediately added to this, before any 
of the starch has been broken down, the starch will react with the iodine and produce a 
blue-violet color. However, as time passes, the starch is broken down by the a-amylase, 
and the color steadily changes (blue-violet -» violet -» red -» orange -» palé orange). Even- 
tually, when all the starch has been broken down, the solution will become colorless. The 
enzyme activity of a-amylase can be measured by using a spectrophotometer to quantify 
the appearance of its color as a numeric valué. 
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ANP MAKE EUPE YOU <3ET 
A eOOV BALANCE OF 
NUTRIENTE, OF COUPEE/ 




YOU'VE LEAPNEP THAT 
PPOTEINE, EACCHAPIPEE, 
ANP UPIPE APE ALL 
IMPOPTANT TO YOUP BOPY. 
YOU MUET PEALIZE BY NOW 
THAT PIETINO BY ETAPVINO 
YOUPEELF IE COMPLETE 
NONEENEE, PIOHT? 



WELL...I OUEEE X 
LEAPNEP EOME 
VALUABLE THINOE. 



WHO AM I KIPPINO? I 
LOVE FOOP TOO MUCH 
TO WATCH WHAT I EAT/ 
I'LL OET FAT FOP EUPE/ 
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BUT YOU KNOW... 

IF YOU THINK ABOUT 
IT, CHUBBY ANIMALA 
APE ALMOET AUA/AYE 
THE CUTEET, EO 
PON'T woppy/ 
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